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"When I'm working on a problem, I never think about beauty.  I think only how to solve the 
problem.  But when I have finished, if the solution is not beautiful, I know it is wrong." 
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Eric H. Fort 
Dissertation Advisor: Dr. Lawrence T. Scott 
 
The work described herein stems from an effort to develop a method for growing single-
chirality carbon nanotubes from small hydrocarbon templates using a Diels-Alder 
cycloaddition/rearomatization strategy.  Current technologies are incapable of producing 
significant amounts of homogeneous carbon nanotubes; therefore, much research has 
been put into the development of aromatic templates (belts and bowls), from which one 
type of nanotube might be grown (Chapter 1).  Since no such functional template had yet 
been synthesized, the work in this dissertation developed reagents and methods for 
forming new benzene rings on aromatic test systems that would be analogous to the rim 
of a growing nanotube (Chapters 2 and 4).   
 
Theoretical investigations relating to nanotube dimensions (Chapter 3) were undertaken 
and paired with experimental work that would take into consideration the changing 
properties of growing tubes (Chapter 5).  The test systems used for discovering new 
 
 
reagents for growth also became functional platforms for studies of new reactivity of 
polycyclic aromatic hydrocarbons (PAHs), such as bay-region oxidation (Chapter 6) and 
progress toward the synthesis of soluble graphene ribbons (Chapter 7).  This PAH work 
also resulted in the observation of unique solid state properties in the crystal form 
(Chapter 8) and novel reactivity, generating five-membered rings by Scholl reactions of 
tethered PAHs (Chapter 9).  Additional considerations for future nanotube templates and 
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Chapter 1: The History and Future of Carbon Nanotubes 
 
1.1: An Introduction to Nanotechnology 
 
In 1960, Richard Feynman, 1965 Nobel laureate in physics, gave a speech that would prove to be 
the inspiration for a generation of physicists, chemists, and engineers. He told the crowd to, 
simply put, make things smaller.1  The talk, entitled “There is Plenty of Room at the Bottom,” 
outlines Feynman’s vision to push the limits of miniaturization. The ambitious goals of the time 
were to make room size computers less than room size and for mechanical manipulation to be 
performed on the atomic scale.  He states, “In the year 2000, when they look back at this age, 
they will wonder why it was not until 1960 that anybody began seriously to move in this 
direction.”  Whether or not his speech was truly the starting point for these ideas, his clear 
statement of purpose has more than played out in the 50 years since he addressed the American 
Physical Society at Caltech.   
 
Today, individual atoms can be manipulated by Atomic Force Microscopy (AFM) and other 
techniques to spell out names,2 make shapes,3 and even carve images into surfaces.4  Scientists and 
engineers can make “stencils” for light and use them to design millions of circuits for computer 
chips.5 It is now possible to image structures much smaller than the mite on the hair on the fly that 
the old lady swallowed in the children’s book.6  To this day, we do not know why she swallowed 
that fly; perhaps she will die.  Carbon nanotubes, to which much of the research described in this 
dissertation is dedicated, are on this size scale.  The average width of a carbon nanotube is 
1/10,000th that of a human hair.  By comparison, if a nanotube were the thickness of a human 
hair, a human hair would be a little bit bigger than the wide end of a wiffle-ball bat. 
 
Despite all of this progress and having a better understanding of “the Bottom” that Feynman 
described, there continues to exist plenty of practical room for improvement while we are down 
there.  Technology has advanced to a point where scientists can measure or “see” nanotubes, 
perform chemistry on the sides and edges of nanotubes,7 and even begin to make some devices 




The processes designed for making nanotubes in bulk have come a long way from the graphite 
arc discharge and laser ablation methods, with which fullerenes (and later nanotubes) were 
discovered.9 Despite this progress, it is nearly impossible to isolate in bulk one type of carbon 
nanotube, and it is therefore, nearly impossible to design any type of electronic device that relies 
on the material.  It is to this end, the practical design and synthesis of one type of carbon 
nanotube, that all of the research and discoveries in this text found their origins.   
 
1.2: The Production and Properties of Carbon Nanotubes 
 
There are three main allotropes of carbon.  These types of carbon atom arrangements are 
diamond, graphene, and fullerenes (Figure 1.1).  The first two are easily recognizable in the 
glimmering twinkle of diamond jewelry and the dull grey of a “lead” pencil.  Fullerenes, on the 
other hand, require some explanation.  All three are characterized by containing almost entirely 
carbon atoms, varying only in arrangement and connectivity of these atoms.  Diamond, for 
example, is a tetrahedral lattice of covalently bonded carbon atoms.  This arrangement makes the 
system very rigid, strong, and (just as important) clear and shimmery.  Graphene results from the 
formation of a flat sheet of carbon, with each atom bonded to three surrounding carbons.  This sp2 
orientation leaves a p-orbital available for conjugation of electrons throughout the sheet.  This 
conjugation allows the molecule to absorb some wavelengths of light and gives the dark color of 
graphene when it is stacked with other sheets to form graphite.  Fullerenes are a relatively recent 
discovery, about 25 years ago,9a and resemble a graphene sheet that is warped into a cage 
structure. The most commonly known fullerene is C60, which looks like a geodesic dome or 
soccer ball. 
 
Carbon nanotubes, however, resemble a cross between graphene and fullerenes.  If a graphene 
sheet is rolled along an axis, and the edges are stitched together, it forms a tube (Figure 1.2).  This 
Figure 1.1: The three main allotropes of carbon 
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tube can be capped or uncapped where the terminal hemispheres (end-caps) resemble half of a 
fullerene. C70, therefore, can be considered a larger fullerene or perhaps the smallest [5,5] 
armchair carbon nanotube.  
 
In addition to having a closed or open end, the carbons of nanotubes can be arranged to generate 
chiral structures or achiral structures of all diameters.  This is as if different widths of graphene 
sheets were rolled in different directions.  The common approach to describing these chiralities 
and the origins of the nomenclature developed for carbon nanotubes is to assign a vector on a 
graphene sheet that defines the edge of the tube (Figure 1.3).  Therefore, a vector which is drawn 
with n = 5 and m = 5 results in a [5,5] nanotube.  If n = m the tube is referred to as an armchair 
nanotube, which is characterized by having two-carbon units along the edge of the tube.  In a 
similar fashion, if m = 0 and n is an integer a zig-zag nanotube results, which logically has a zig-
zag edge.  Any other combination leads to a chiral nanotube, where the ring orientation twists 
along the length of the tube.   
Figure 1.2: Carbon nanotubes resemble rolled up graphene sheets and can be open or capped like 
C70 fullerene, a small [5,5] carbon nanotube 






Figure 1.3: Assigning a vector to a graphene sheet and rolling it to join the ends gives one of the 
three orientations of carbon nanotubes 
4 
 
Production of nanotubes is an inexact science.  The most common, but least controlled, methods 
rely on high energy ejection of carbon from graphene targets by either an electric arc (Graphite 
Arc Discharge)10 or a high-powered laser (Laser Ablation).11 Both of these methods result in 
complex mixtures of fullerenes and carbon nanotubes of all different lengths, diameters, 
chiralities, and termini in a carbon soot.  This carbon film can also include multi-walled 
nanotubes along with amorphous carbon and graphene.  The most reproducible method to date is 
Carbon Vapor Deposition, in which nanoparticles distributed on a conducting surface can absorb 
carbon containing carrier gasses such as methane or methanol and convert them into carbon 
nanotubes.12  This method provides some control of diameter (as a function of the nanoparticle 
size), and length (depending on how long the reaction is run), but does not fix the chirality of the 
nanotube.  There are other recent methods that rely on the burning of carbon fuels with 
nanoparticles under optimal conditions, but these production techniques suffer from the same 
drawbacks.13 
 
Despite these difficulties, the payoff for developing nanotube technologies is enticing.  Carbon 
nanotubes have measured electronic and mechanical properties that could revolutionize the world.  
Nanotubes are generally one tenth the width of the best photolithography to date.14 They have 
been measured to have a tensile strength twenty times greater than steel,15 and defect free carbon 
nanotubes have even been predicted to be up to 150 times stronger than steel.16 Carbon nanotubes 
with the proper chiralities have even been found to be one-thousand times more conducting than 
copper.17  These are just some of the impressive qualities these materials possess, but producing a 
pure sample in large amounts is extremely difficult, and this hurdle is largely to blame for the 
slow progress in the development of any new technologies with nanotubes. 
 
One of the biggest barriers to the practical use of nanotubes is that separation of one type of 
carbon nanotube from all of the others is nearly impossible, especially on large scales.  Some 
recent progress has used centrifugation through a density gradient,18 and others have relied on 
complexation of nanotubes with specific DNA sequences.19 Neither of the existing methods 
produces significant quantities of a single type of carbon nanotube.  This fact might be acceptable 
if all nanotubes were conductive, but it turns out that only about 20% of a bulk sample formed by 
any of the existing methods contains conducting tubes.  Any attempt to make a nanotube circuit, 
therefore, has a 4 in 5 chance of failing at each connection.  Approximately one out of three zig-
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zag and chiral nanotubes are conductive, further complicating matters. Armchair nanotubes, on 
the other hand, are conducting at any diameter, making the production of this orientation an 
intriguing challenge. 
 
1.3: Synthetic Approach to Carbon Nanotubes 
 
Armchair nanotubes are uniquely suited to a rational approach to their synthesis.  The unique 
edge morphology, having two carbon sections perpendicular to the tube length (Figure 1.3), is an 
orientation of benzene rings referred to as a bay-region in polycyclic aromatic hydrocarbon 
(PAH) chemistry.  This bay-region is the PAH equivalent of an s-cis diene in Diels-Alder 
chemistry and can potentially be exploited for a bottom-up synthetic approach to carbon 
nanotubes.  Using a section of an armchair nanotube as a template for addition, such as an end-
cap or short nanotube (belt), a growth mechanism can be envisioned in which the bay-regions are 
converted to new benzene rings and generate a new layer of bay-regions (Figure 1.4).  This could 
be likened to laying a circular brick wall, where each row of bricks needs to be finished before 
the next can be added.  This method would require dienophiles that can generate new 
hydrocarbon edges, and acetylene is shown in Figure 1.4 for simplicity.* 
 
The ability to grow a nanotube by adding a simple feedstock to a template is similar to a living 
polymerization, in which an active polymer chain will continue to grow as long as monomer is 
available.  This is familiar territory for chemists, and therefore, the concept of controlling the 
length of the tube can be considered (at this point) as straightforward as exposing the nanotube 
                                               
 
*
 See Chapters 2 and 4 for details regarding discussion of more complex dienophiles.  
Figure 1.4:  (a) An armchair edge resembles an s-cis diene or bay-region 




template to the dienophile for a given amount of time.*  The template for growth, however, is 
where the tools of organic synthesis can truly play a role in advancing this field.  Much in the 
manner that a natural product chemist will design an elegant synthetic pathway to create a 
complex drug candidate from small molecules, many groups have designed unique routes to 
armchair templates, some of which are near their final targets (Figure 1.5).20 
 
Recognizing that armchair carbon nanotube templates were no longer distant goals, an 
investigation into the proposed mechanism of growing armchair carbon nanotubes was begun.  
No previous work had been done on this issue, with most literature proposing that the challenge 
                                               
 
*
 See Chapters 3 and 5 for a more detailed discussion of the pitfalls and possibilities related to controlling the length of the nanotubes. 
Figure 1.5: Armchair carbon nanotube templates currently in development 
n









would be addressed when the template syntheses were completed.  Rather than try to develop 
growth methods using precious nanotube template material years down the line, the work 
described in the following chapters sought to preempt the production of templates. Developing 
methods for enlarging aromatic systems now will ensure that the future challenge of growing 
nanotubes will be met with the best possible reagents and conditions.  This task was met with a 
mix of theoretical investigation, multistep synthesis, and experimental work to ultimately develop 
some outstanding systems, which hold great potential for successfully growing nanotubes when 
armchair templates become available. 
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2.1.1: Motivation for Exploring the Diels-Alder Addition to Aromatic Molecules 
 
With much effort being poured into the development of armchair carbon nanotube templates,* it 
seemed that little focus was being paid to the actual chemistry that might be used to affect 
growth.  In the literature, it was evident that the development of a reagent or method capable of 
elongating a template into a nanotube would likely be addressed once the scaffold from which to 
lengthen a tube was thoroughly understood.1  That assumption left both an unexplored niche to be 
synthetically exploited and an opportunity to lay the groundwork for this critical step, in advance 
of a completed template.  Therefore, when these nanotube “seeds” are synthesized, the 
methodology for growth would already be mature.  To this end, a model system resembling the 
armchair edge of a growing nanotube needed to be developed, on which various dienophiles 
could be tested.   Such a nanotube mimic would need to contain several bay-regions to 
demonstrate repetitive growth, and it also needed to have a straightforward synthetic route so that 
less time was spent synthesizing the molecule and more effort could be devoted to testing 
promising reagents.  To find a suitable system, attention turned toward small polycyclic aromatic 




                                               
 
*
 See Chapter 1 
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2.1.2: Choice of Model Compounds 
 
Many small PAHs contain bay-regions suitable for Diels-Alder chemistry.  For instance, perylene 
(1, Figure 2.1), the peri-condensed dimer of naphthalene, and the larger anthracene analog 
bisanthene (2) each contain two bay-regions.  Hexabenzocoronene (3), synthesized from a 
cascade closure of hexaphenylbenzene using a Scholl reaction,*2 has six bay-regions.  Picene (4), 
a notorious carcinogen, contains three of these hidden aromatic dienes, while the smaller cata-
condensed analog, phenanthrene (5), has one.  The presence of this functionality alone does not 
make these molecules suitable to serve as model systems.  In addition to containing bay-regions, 
these molecules need to be easily accessible and relatively easy to work with.  
Hexabenzocoronene (3) is extremely insoluble and six additions would render it even more 
difficult to handle and characterize.  The toxicity of picene (4) was reason enough to rule it out as 
a candidate.  Attention therefore turned to perylene (1), which is commercially available, 
relatively soluble, and has limited health hazards.  There was even precedent for transforming the 
bay-regions of perylene (1) into new benzene rings.3  As a result, this family of molecules, the 
periacenes,4 became the foundation of the investigation into a Diels-Alder 
cycloaddition/rearomatization strategy. These flat armchair carbon nanotube mimics would serve 
                                               
 
*
 See Chapter 9 for a thorough discussion of the Scholl reaction and its implications for PAH synthesis. 
Figure 2.1: Common PAHs bearing bay-regions 
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well as model systems.5   
2.2 Results and Discussion: 
 
2.2.1: Precedent for Transforming Bay-regions into New Benzene Rings 
 
At first glance, many chemists would dismiss the bay-region of polycyclic aromatic hydrocarbons 
as too unreactive for Diels-Alder chemistry let alone practical application to nanotube growth.  
This judgment often stems from their working knowledge of aromatic stabilization energy 
(ASE),6 which suggests that the energy cost of disrupting a large fused aromatic system is 
infinitively high.  This is indeed the case, as precedent showed that forcing conditions were 
required to facilitate addition to perylene (1, Scheme 2.1).  In 1957, Eric Clar demonstrated that 
the bay regions of perylene (1) could be converted into two new benzene rings given enough 
coaxing.3  This process required the addition of maleic anhydride in its molten form at 202 ºC to 
break the aromaticity of the molecule.  In addition, chloranil, a strong oxidizing agent, was 
required to rearomatize the molecule to the benzo[ghi]perylene anhydride  (6).  Once this was 
achieved, the anhydride could be removed at 350 ºC by subliming the product out of caustic soda-
lime, essentially facilitating the decarboxylation and re-protonation of the PAH edge to yield 
benzo[ghi]perylene (7).  This process can be repeated to add to the remaining bay-region. 
 
Scheme 2.1: Diels-Alder addition of maleic anhydride to the bay-region of perylene 
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The harsh conditions required for this reaction are due primarily to the disruption in aromaticity, 
evident  in intermediate (8).  Upon addition to (1), the conjugation of the perylene molecule is 
reduced to a pi-system that resembles phenanthrene (5), and no further addition occurs until the 
molecule has been rearomatized by chloranil.  This observation plays a significant role in the 
outlook of a cycloaddition strategy for nanotube growth.  No Diels-Alder reaction has been 
recorded in the bay-region of phenanthrene (5), and therefore addition to perylene (1) is evidence 
that given a proper substrate and conditions the reaction is feasible.  Furthermore, the larger 
perylene must have a lower ASE cost if the reaction proceeds; therefore, we speculated that even 
larger molecules such as bisanthene (2) may react even more readily than perylene.   
 
2.2.2: Computational Investigation of Diels-Alder Additions to the Periacene Series 
 
To test the assumption that the barrier for addition to progressively larger periacenes would 
decrease in energy, a theoretical investigation of the reactivity was performed on the PAH series.  
The activation energies for the addition of acetylene to phenanthrene (5), perylene (1), bisanthene 
(2), and bistetracene (9, Figure 2.2) were calculated using density functional theory (DFT) at a 
B3LYP/6-31G* level of theory with Spartan7 software. The results show that the transition state 
energy drops significantly as the molecules grow in size.  The difference between addition onto 
phenanthrene (5) compared to perylene (1) is a staggering 13.9 kcal/mol, supporting the 
seemingly insurmountable barrier of Diels-Alder additions to phenanthrene.  Interestingly, the 
activation energy drops another 5.8 kcal/mol as the series is expanded from perylene to 




These results not only suggest that the periacene series is a decent model for a growing armchair 
nanotube, where activation energy should decrease with length,* but also that using bisanthene (2) 
should make addition and investigation of dienophiles easier.†  Unfortunately, bisanthene alone is 
not an ideal test molecule.   In addition to its low solubility, bisanthene (2) is known to react with 
singlet oxygen by undergoing cycloaddition across the central anthracenyl rings.‡  Modifications 





                                               
 
*
 See chapter 3 for discussion of factors affecting the activation energy of Diels-Alder additions to growing single walled carbon nanotubes 
coupled with a thorough theoretical and computational investigation.  
†
 Calculations were also performed on the second acetylene addition for the periacene molecules, which results in slightly higher energies 
compared to the first addition.  These values can be found in the Experimental Section. 
‡
 See chapter 6 for discussion on the oxidation of bisanthene (2) and other similar PAHs. 

























2.2.3: Development of 7,14-bis(2,4,6-trimethylphenyl)bisanthene (dimesitylbisanthene, 10) 
 
The development of bisanthene (2) into a useful synthetic base would need to address both the 
solubility and reactivity issues discussed previously. It was thought that the solubility of 
bisanthene (2) could be addressed by attaching pendant groups at the C7 and C14 positions, 
similar to work developed by Donald Maulding in 1970.8  In this work, Maulding synthesizes a 
diphenylbisanthene (11) from bianthrone (12, Scheme 2.2).  Bianthrone (12) is thus transformed 
into a diphenylbianthracenediol (13) through nucleophillic addition of phenyl Grignard into the 
extended quinone.  Photolysis with iodine then photolytically closes and dehydrates the molecule 
to generate 7,14-diphenylbisanthene (11) in 20% yield; this value is measured by UV-vis 
spectrometry, because the bisanthene core quickly oxidizes to the bisoxide (14) under the reaction 
conditions.  Clearly, diphenylbisanthene (11) would not serve well as a test molecule.  
 
To address the oxidation sensitivity of bisanthene (2), development of a mesityl substituted 
bisanthene (10) similar to the diphenylbisanthene (11) was envisioned (Figure 2.3).  By 
exchanging the phenyl groups for mesityl groups, 7,14-bis(2,4,6-trimethylphenyl)bisanthene (10) 
would not only be significantly more soluble than the parent molecule 2, but the methyl groups 
positioned over the top and bottom faces of the PAH could block the approach of oxygen and 
Scheme 2.2: Maulding approach to a substituted bisanthene  
O
O










prevent addition across the central ring.  As a consequence, the bay-regions would then be the 
most accessible reactive portion of the molecule, benefiting the Diels-Alder chemistry for which 
it was envisioned.  Spartan was used to calculate the geometry and HOMO coefficients for 10, 
and the results suggested that the molecule would behave as predicted (Figure 2.3). 
 
The original synthetic route to dimesitylbisanthene (10) followed closely the approach taken by 
Maulding (Scheme 2.3).  Anthrone (15) would serve as the starting material and be carried 
through the synthesis, which would involve the addition of mesityl Grignard reagent in the place 
of phenyl Grignard reagent.  The final closure was originally envisioned to proceed through two 
steps to have greater control over the reaction and to avoid the degradation seen by Maulding. 
The first step would be a photolytic closure to a 7,16-diphenyl-7,16-dihydrodibenzo[a,o]perylen-
7,16-diol (17), followed by a second double-dehydration step with acid.  This route was chosen 
due to Maulding’s findings that 17 will not undergo the second oxidative photocyclization. The 
original dimerization of anthrone (15) to bianthrone (12) was straightforward due to chemistry 
developed in the Scott lab by Dr. Patrick Donovan.9 Under anhydrous conditions isolated from 
light, 15 can be converted to 12, with iodine and DBU, in up to 95% yield without need for 
purification; however, if proper precautions are not taken, the bianthrone (12) will close to 
a. 
Figure 2.3: a). mesityl groups blocking oxygen addition; b). HOMO coefficients of dimesityl-




bisanthene quinone (18), which is unreactive to mesityl addition.*,10  Addition of mesityl Grignard 
to generate the diol (16) failed to give product in measurable yields.  Though Dr. Donovan had 
seen some success in generating dimesitylbisanthene (10) by taking the crude Grignard products 
and submitting them to photolysis in the presence of iodine,11 the product was only made in trace 
amounts and took extensive chromatography to purify enough material for characterization.  In 
addition to 10, the major isolated products were dimesityl bianthracenyl (19) and 
hexamethylbiphenyl (20), the origins of which will be discussed later (vide infra).  In order for 10 
to be a practical model system, an improved synthetic route was needed. This required 
investigation into the poor performance of the Grignard addition and photolysis. 
                                               
 
*
 Bisanthene quinone (18) was used by Wu et al. to generate disubstituted bisanthenes for the investigation of their near IR properties.6  The 
aromatic nucleophiles used in their synthesis were not as sterically hindered as the mesityl nucleophiles used in the syntheses described here, 
likely contributing to the successful outcome.   
Scheme 2.3: Original attempts toward synthesizing dimesitylbisanthene (10) 
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Since phenyl Grignard was a successful nucleophile, the steric encumbrance of the mesityl 
Grignard was presumed to be the likely contributor to the decreased performance.  This fact, 
combined with the production of hexamethylbiphenyl (20) in significant amounts, suggested that 
the extremely slow addition into the carbonyl was allowing time for Grignard coupling reactions. 
These couplings are often promoted by single electron transfer (SET) reactions, especially in the 
presence of quinones.  Though not known at the onset of this project, Knochel et al. had 
developed a method to intentionally couple bulky Grignard reagents using diphenoquinone (21, 
Scheme 2.4),12 and this process is likely occurring in the presence of the bianthrone (12).  Not 
only does the extended quinone functionality of 12 facilitate the SET process, but the formed 
radical is doubly benzylic and extremely stable.  All of these undesired reactions lead to poor 
yields for the addition and abysmal yields of dimesitylbisanthene 10 in the subsequent steps. 
 
To overcome the SET problem, the use of mesityllithium was explored.  It is well known that 
organo-lithium reagents do not exhibit the same solution equilibria that facilitate dimerization; 
therefore, they are less likely to transfer electrons to materials.13  Initial attempts at the addition of 
mesityllithium, generated from 2-bromomesitylene and n-buthyllithium (Scheme 2.5), failed to 
produce more than trace amounts of diol 16.  On the other hand, no evidence of SET products 19 
and 20 was observed, suggesting that the side reaction had been suppressed, and it was now a 
reactivity problem that needed to be addressed.  To tackle this new challenge, lithium bromide 
Scheme 2.4: Single electron transfer products in the presence of extended quinone systems 
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was introduced into the reaction to activate the carbonyl for addition.   The incorporation of this 
Lewis acid was enough to produce measurable quantities of mono and di-addition products by 
proton NMR and mass spectrometry.  The yields of these products varied greatly from reaction to 
reaction, and it was thought that the extremely hygroscopic nature of lithium bromide might be 
introducing moisture into the water sensitive reaction.  Many methods were attempted to dry the 
reagent, including placing the material in desiccators, vacuum desiccators, and heating it in an 
oven prior to use, and though improvements were seen, the yields still varied widely.  Finally, it  
was decided that generation of the lithium bromide could be performed in situ by converting 2-
bromomesitylene to mesityllithium using t-butyllithium instead of n-butyllithium.  All of the 
reagents could be dried or were purchased in sealed containers and were introduced to the flame 
dried reaction vessel by syringe or addition funnel.  Using this technique, the conversion of 
bianthrone (12) to diol (16) could be accomplished consistently in around 60% yield on relatively 
large scales.*   
 
                                               
 
*
 This reaction was run on scales up to 4 g of starting material. Though it could possibly be run even larger, the large volume of t-butyllithium 
required limited the size for safety considerations.  
Scheme 2.5:  Development of mesityllithium regents for the synthesis of diol 16 
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With substantial quantities of diol (16) in hand, the photolytic route to dimesitylbisanthene (10) 
was attempted.  Despite many efforts to stop conversion at diol 17 by including propylene oxide 
as an acid sponge, reactions under these conditions failed to produce decent yields of either 16 or 
10.  Instead, after much optimization,* photolysis was performed in benzene with 1.1 equivalents 
of iodine with no propylene oxide while purging with nitrogen throughout the reaction.  Under 
these conditions, a 90% mass recovery of a mixture of 10, 19, and a new product 7,16-bis(2,4,6-
trimethylphenyl)-dibenzo[a,o]perylene (22, Scheme 2.6)† is formed in a 2:1:1 ratio.  These 
products can be separated by exhaustive chromatography or treated with potassium metal in THF 
in a pressure vessel for several days to facilitate the closure of 22 to 10 and allowing for simple 
filtration to remove unconverted 19.  The conversion of byproduct 19 to 10 was unsuccessful by 
both Scholl chemistry‡ and potassium reactions. Dimesitylbisanthene 10 was recovered in 60% 
yield over two steps. Starting from a methodology that gave only traces of product, a successful 
and relatively high yielding synthesis of 10 had been developed, which allowed for further 
experimentation in pursuit of a method for growing nanotubes.   
                                               
 
*
 See experimental section for reaction details and Chapter 6 for a discussion of the oxidized byproduct in the absence of a continual nitrogen 
purge during this reaction. 
†
 Although it is a qualitative observation, if the reaction is started before all of the iodine crystals have dissolved, the production of 19 is 
decreased.  
‡See Chapter 9 for Scholl discussion 
Scheme 2.6: Synthetic route from diol 16 to dimesitylbisanthene (10) 
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2.2.4: Experimentally Testing Diels-Alder Reactivity in the Periacene Family of Molecules 
 
Now that an efficient synthesis of dimesitylbisanthene (10) had been developed, experimental 
investigation of the computed trends was possible. Although the theoretical study used acetylene 
to simplify calculations, C2H2 itself is a relatively poor dienophile.14  Therefore, an activated 
acetylene was chosen as the test reagent, in this case diethyl acetylenedicarboxylate (23).  It was 
thought that 23 would be more reactive and allow the reactions to be followed by proton NMR.  
Indeed, this proved to be the case.   
 
Initially, 23 was reacted with perylene 1 to get a baseline reactivity of the molecule. Ten 
equivalents of 23 were added to 1 in toluene, and the reaction was run for 72 hours in a pressure 
vessel at 150 ºC.  Under these conditions, mono-addition product to perylene (24, Scheme 2.7) 
was produced in a ratio of 1:1.3 of 24:1 by NMR integration* and 25% isolated yield with no 
evidence of the di-addition product (25).   
 
These forcing conditions alone demonstrate the sluggishness of Diels-Alder reactions in the bay-
region of perylene (1), but they also show that, given a proper dienophile, no oxidant is needed to 
fully rearomatize the PAH core.  It is likely that spontaneous loss of hydrogen occurs as a result 
of the energetic driving force of restoring the original ASE of the molecule as well as the 
                                               
 
*
 See 2.4.5 for a 1H NMR spectrum of this mixture 
Scheme 2.7:  Reaction of diethyl acetylenedicarboxylate (23) with perylene (1) 
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additional stability of the newly formed benzene ring.  This fact played an important role in the 
development of reagents for sustained growth.* 
 
The first evidence that the calculated trends were correct came from the subjection of 
dimesitylbisanthene (10) to the same conditions as perylene (1).  When ten equivalents of 
acetylenedicarboxylate 23 were reacted with 10 in toluene at 150 ºC in a pressure vessel, the 
reaction gives the mono-addition product 26 in 67% yield and the di-addition product 27 in 33% 
yield after only 1 day, with no evidence of starting material (Scheme 2.8).  Not only is this 
reaction run for a shorter period of time, but it progresses to greater conversion, demonstrating, at 
least qualitatively, the greater reactivity of the bisanthene core of 10.   This reaction was also run 





                                               
 
*
 See chapter 4 for more mechanistic details regarding the loss of hydrogen in these cycloaddition/rearomatization reactions. 




A more quantitative comparison of the reactivity of perylene (1) and dimesitylbisanthene (10) 
was done by performing a competition experiment.  One molar equivalent each of 1 and 10 was 
added to a pressure vessel along with toluene and two equivalents of diethyl acetylene-
dicarboxylate (23), and the reaction was run for approximately 1 d at 100 ºC.  Upon cooling, the 
reaction mixture was concentrated to dryness and analyzed by proton NMR to reveal a conversion 
of dimesitylbisanthene (10) to the mono-addition product 26 in about 66% yield with no 
conversion of the parent perylene (1) observed (Figure 2.5).  This direct comparison irrefutably 
verifies the downward trend predicted by calculation for the Diels-Alder activation energies of 
the periacene series and provides excellent practical knowledge for the future development of 
better dienophiles for nanotube growth. 
 
Figure 2.4: Results of diethylacetylene dicarboxylate addition to dimesitylbisanthene (10) under 
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By setting out to develop a model system resembling the edge of an armchair carbon nanotube, 
important and useful knowledge was gained regarding the development of future methods for the 
sustained growth of single-walled carbon nanotubes.  Precedent, combined with new theoretical 
studies, identified molecules in the periacene series as excellent bay-region mimics and predicted 
a downward trend in Diels-Alder activation energy as the size of the PAH system increased.  
From this observation, a synthesis was designed and optimized to provide a soluble and stable 
bisanthene derivative, dimesitylbisanthene (10), with superior reactivity to that of perylene.  
Experimental results confirmed the theoretical analysis and also demonstrated the ability of small 
PAHs to spontaneously rearomatize given the proper dienophile for addition.   Ideally, this 
Figure 2.5: Results of the competition reaction between perylene (1) and dimesitylbisanthene 











process would also work on nanotube edges.  Further theoretical studies on nanotube growth and 
new dienophile developments stemmed from this work.* 
 
2.4 Experimental Procedures: 
 
2.4.1: General Experimental 
 
All commercially available chemicals were used without purification unless otherwise noted.  
Dry solvents were obtained from a Glass Contour solvent purification system. NMR spectra were 
taken in the Boston College Nuclear Magnetic Resonance Center on various Varian instruments.  
NMR shifts are referenced in ppm downfield from TMS, using chloroform-d1 (δH = 7.26 ppm, δC 
= 77.23 ppm), 1,1,2,2-tetrachloroethane-d2 (δH = 6.00 ppm, δC = 73.78 ppm), or tetrahydrofuran-
d8 (δH = 3.58 ppm, δC = 67.57 ppm) as standard references unless otherwise noted. 
Chromatography was performed with Sorbent Technologies or Zeochem silica gel (porosity = 60 
Å, particle size = 32-63 or 40-63 µm, respectively), and preparative TLC was performed on 20 
cm × 20 cm Analtech silica GF uniplates. Photochemical experiments were performed with an 
immersion photochemical reactor using a 450 W mercury vapor lamp in a quartz cooling vessel. 
Mass spectrometry was carried out in the Boston College Mass Spectrometry Center and 
consisted of various ionization sources for TOF spectrometers including ESI, DART, and AP-
MALDI in either positive or negative ion modes.  Infrared spectrometry (IR) was run on a Nicolet 
Avatar 360 FT-IR spectrophotometer. X-ray crystallography was performed at the Boston 
                                               
 
*
 See chapters 3 and 4 for more details. 
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College X-ray Crystallography Center on a Siemens 3-circle geometry platform diffractometer 
with a Bruker APEX CCD area detector equipped with a molybdenum source. 
2.4.2: Synthesis of 10,10′-Dihydroxy-10,10′-bis(2,4,6-trimethylphenyl)bianthracenylidene (16) 
 
A solution of 4.6 mL (26 mmol) of 2-bromomesitylene in 30 mL of dry tetrahydrofuran was 
added under nitrogen by syringe to a flame dried 250 mL two-necked round bottom flask 
equipped with a 250 mL addition funnel. The vessel was cooled to –78 ºC in a dry ice/acetone 
bath. The solution was stirred continuously while 30.6 mL (52 mmol) of t-butyllithium, 1.7 M 
solution in pentane, was added dropwise at a rate of 30 mL/h. Upon completion of the addition, 
the reaction mixture was held at –78 ºC for another 1 h; it was then moved to a –15 ºC ice/NaCl 
bath for an additional 1 h. In a separate 250 mL flame dried round bottom flask under nitrogen, 
140 mL of dry tetrahydrofuran was added by syringe to 1.0 g (2.6 mmol) of bianthrone 13. The 
mixture was sonicated to dissolve the bianthrone and transferred by cannula into the addition 
funnel. The flask containing the mesityllithium solution was cooled back to –78 ºC, and the 
solution of bianthrone was added dropwise over 3 h. The reaction mixture was stirred at –78 ºC 
for another 1 h and then transferred again to the –15 ºC bath, which was allowed to equilibrate to 
room temperature. The reaction mixture was stirred overnight or until bianthrone was no longer 










-78 ºC to -15 ºC
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aqueous sodium bicarbonate. The organic layer was separated and washed sequentially with 2 × 
200 mL portions of the sodium bicarbonate solution, 200 mL of water, and 200 mL of brine. The 
organic solution was concentrated under reduced pressure to a brown oil. Approximately 150 mL 
of Et2O was added, and a white/tan solid was collected by filtration. The filtrate was re-
concentrated, triturated with Et2O, and filtered again to give a total yield of 991.6 mg (62%) of 
clean product. 
 
White/ off-white powder, mp >300 ºC; 1H NMR (400 MHz, THF-d8) δ ppm 7.08 (d, J = 7.2 Hz, 
4H), 7.01 (s, 2H), 6.96- 6.92 (m, 8H), 6.80 (ddd, J = 7.6, 2.8, 2.8 Hz, 4H), 6.69 (s, 2H), 2.93 (s, 
6H), 2.50 (s, 6H), 2.31 (s, 6H), 0.91 (s, 6H); 13C NMR (100 MHz, THF-d8) δ ppm 146.7, 140.1, 
138.7, 138.5, 137.5, 136.5, 133.0, 131.6, 130.6, 127.2, 127.0, 125.9, 23.8, 21.0; HRMS (DART) 

























































































































2.4.3: Photocyclization of 10,10′-Dihydroxy-10,10′-bis(2,4,6-trimethylphenyl)bianthracenylidene 
(16) to 7,14-Bis(2,4,6-trimethylphenyl)bisanthene (10), 7,16-Bis(2,4,6-trimethylphenyl)-
dibenzo[a,o]perylene (22), and 10,10′-Bis(2,4,6-trimethylphenyl)bianthracene (19) 
 
To a 3 L immersion vessel, affixed with a reflux condenser and containing a stir bar, was added 
991.5 mg (1.59 mmol) of diol (16) and 2.5 L of benzene. The mixture was purged with nitrogen 
for 1 h while stirring. Before irradiation, 402.0 mg (1.59 mmol) of I2 was added and allowed to 
dissolve. The solution was irradiated with a 450 W medium pressure mercury lamp for 4 h, 
purging with nitrogen throughout. Upon completion, the solution was immediately concentrated 
to dryness under reduced pressure. Dichloromethane (500 mL) was added, and the solution was 
washed with 2 × 300 mL of a 10% solution of aqueous sodium thiosulfate, followed by 300 mL 
of water. The organic layer was again concentrated to dryness to yield 0.84 g (90%) of a mixture 
of dimesitylbisanthene (10), dimesityldibenzoperylene (22), and dimesitylbianthracene (19), 2:1:1 
by NMR. Partial separation can be achieved by sonication of the solid mixture in cold hexanes, 
followed by filtration. The majority of the bisanthene product (18%) is collected on the filter, 
whereas the dibenzoperylene and the bianthracene remain in the filtrate. Further purification of 
the filtrate can be achieved by silica gel chromatography using cyclohexane as the eluant, but the 
mixture was generally used in the next reaction without separation. 
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Dimesitylbisanthene: (7,14-bis(2,4,6-trimethylphenyl)bisanthene) (10) 
 
Dark blue solid, mp (sealed tube) decomposes 481 ºC; 1H NMR (500 MHz, C2D2Cl4) δ ppm 8.28 
(d, J = 7.5 Hz, 4H), 7.36 (t, J = 8.0 Hz, 4H), 7.21 (d, J = 8.5 Hz, 4H), 7.11 (s, 4H), 2.47 (s, 6H), 
1.88 (s, 12H); 13C NMR (125 MHz, C2D2Cl4) δ ppm 137.4, 137.1, 135.2, 134.3, 132.2, 131.5, 
128.4, 127.0, 126.2, 125.9, 125.8, 120.3, 21.3, 19.9; UV-vis (CH2Cl2) λmax (ε, cm-1M-1) 232 
(98200), 262 (43600), 270 (41600), 282 (30900), 294 (39000), 304 (34100), 628 (16000), 654 
(19200), 686 (40600); HRMS (DART) calc. for C46H35 [M+H]+ 587.2739, found 587.2738 
X-ray quality crystals were grown by slow evaporation from dichloromethane.* 
 
Dimesityldibenzoperylene: 7,16-bis(2,4,6-trimethylphenyl)dibenzo[a,o]perylene (22) 
 
Purple solid, mp (sealed tube) 352-354 ºC; 1H NMR (400 MHz, Acetone-d6) δ ppm 8.45 (dd, J = 
7.2, 0.8 Hz, 2H), 7.66 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 8.8 Hz, 2H), 7.53 
(ddd, J = 8.8, 1.2, 0.8 Hz, 2H), 7.51 (dd, J = 8.8, 0.4 Hz, 2H), 7.42 (ddd, J =8.8, 6.4, 1.2 Hz, 2H), 
7.26 (ddd, J = 8.8, 6.4, 1.2 Hz, 2H), 7.22 (s, 2H), 7.21 (s, 2H), 2.48 (s, 6H), 1.88 (s, 6H), 1.84 (s, 
6H) 13C NMR (125 MHz, C2D2Cl4) δ ppm 137.7, 137.3, 137.1, 135.9, 134.4, 130.8 (2C), 129.6, 
129.5, 128.4 (2C), 128.1 (2C), 126.9, 126.00, 125.97, 125.7, 125.3, 124.9, 120.8, 21.3, 20.2, 19.9 
HRMS (DART) calc. for C46H37 [M+H]+ 589.2895, found 589.2869 




                                               
 
*
 See Appendix B for crystal structures and refinement data. 
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Dimesitylbianthracene: 10,10′-bis(2,4,6-trimethylphenyl)bianthracene (19) 
 
Light yellow solid, mp crystals pop/crack at 220-230 °C and then melt at 383-385 °C; 1H NMR 
(400 MHz, C2D2Cl4) δ ppm 7.66 (d, J = 8.8 Hz, 4H), 7.34 (ddd, J = 8.0, 4.8, 2.0 Hz, 8H), 7.22-
7.17 (m, 8H), 2.52 (s, 6H), 1.93 (s, 12H) 13C NMR (100 MHz, C2D2Cl4) δ ppm 137.4, 136.9, 
136.4, 134.5, 132.6, 131.3, 129.4, 128.2, 127.0, 126.3, 125.4, 125.2, 21.4, 20.2 HRMS (DART) 
calc. for C46H39 [M+H]+ 591.5052, found 591.3039 
X-ray quality crystals were grown by slow evaporation from ethanol.* 
 
                                               
 
*












































































































































































































































































































2.4.4: Synthesis of 7,14-Dimesitylbisanthene (10) from the Crude Mixture of Photolysis Products 
 
To a flame dried 150 mL pressure vessel under nitrogen was added 250 mg of the crude mixture 
of photolysis products (washed with 10% sodium thiosulfate and water but not separated), 
containing 7,14-bis(2,4,6-trimethylphenyl)bisanthene (10), 7,16-bis(2,4,6-trimethylphenyl)-
dibenzo[a,o]perylene (22), and 10,10′-bis(2,4,6-trimethylphenyl)bianthracene (19). By syringe, 
100 mL of dry THF was added, followed by ca 0.4 g (large excess) of freshly cut potassium 
metal. CAUTION: Steps should be taken to ensure a glass-coated stirring bar is used to prevent 
the degradation of the Teflon-coated variety.  Failure to do so may result in an explosion. The 
vessel was sealed and placed in an oil bath at 90 ºC for 2 d until the solution was visibly blue in 
color. The solution was then transferred by cannula away from the remaining potassium into a 
separate flame dried flask with a septum and quenched by purging the solution with oxygen gas. 
The solution was concentrated to dryness under reduced pressure; the residue was dissolved in 
100 mL of dichloromethane, and the resulting solution was washed with 2 × 100 mL of water. 
The solution was again concentrated to dryness, and the residue was suspended in 50 mL of 







was washed with a portion of hexanes at –78 ºC to yield 103.2 mg (41% yield) of 10 as a dark 
blue solid, the properties of which matched those reported above.* 
 
2.4.5: Diels-Alder Cycloaddition of Diethyl Acetylenedicarboxylate (23) to Perylene (1) to 
Produce Benzo[ghi]perylene-1,2-dicarboxylic Acid Diethylester (24) 
 
In an oven dried 15 mL pressure vessel under nitrogen, perylene (20 mg, 0.079 mmol) was 
dissolved in 1.0 mL of dry toluene, and 126 µL (0.79 mmol) of diethyl acetylenedicarboxylate 
was added by syringe. The vessel was sealed and placed in an oil bath at 150 ºC for 72 h. The 
reaction mixture was then concentrated to dryness under reduced pressure, and the resulting crude 
product mixture was dissolved in approximately 5 mL of CDCl3 (everything dissolves). NMR 
analysis revealed unchanged perylene and the mono-addition product in a ratio of 1.3:1 (Figure 
2.6), respectively. No di-addition product could be detected by NMR analysis. The product was 
isolated by silica gel chromatography with 20% ethyl acetate in hexanes as the eluant to give 8.2 
mg (25 %) of product. 
 
Yellow solid, mp 196-200 ºC; 1H NMR (400 MHz, C2D2Cl4) δ ppm 9.09 (d, J = 7.6 Hz, 2H), 
8.41 (d, J = 9.2 Hz, 2H), 8.28 (d, J = 7.2 Hz, 2H), 8.21 (d, J = 9.2 Hz, 2H), 8.14 (t, J = 7.6 Hz, 
2H), 4.62 (q, J = 7.2 Hz, 4H), 1.54 (t, J = 7.2 Hz, 6H); 13C NMR (100 MHz, C2D2Cl4) δ ppm 
                                               
 
*




Figure 2.6: Crude 1H NMR of the mixture of mono-adduct 24 and perylene 1 after the reaction in 
2.4.5 
24
168.2, 131.9, 130.2, 129.0, 127.9, 127.4, 127.1, 125.2, 125.0, 124.7, 124.2, 121.4, 62.3, 14.3; 
UV-vis (CH2Cl2) λmax (ε, cm-1M-1) 234 (32700), 254 (sh, 13100), 312 (37400), 348 (6600), 366 






































































































































































































2.4.6: Diels-Alder Cycloaddition of Diethyl Acetylenedicarboxylate (23) to 7,14-
Dimesitylbisanthene (10) to Produce 5,12-Bis(2,4,6-trimethylphenyl)-benzo[ijk]bisanthene-1,2-
dicarboxylic Acid Diethylester (26) and 7,14-Bis(2,4,6-trimethylphenyl)ovalene-3,4,10,11-
tetracarboxylic Acid Tetraethylester (27) 
 
In an oven dried 15 mL pressure vessel under nitrogen, dimesitylbisanthene (20 mg, 0.034 mmol) 
was dissolved in 1.0 mL of dry toluene, and 54 µL (0.34 mmol) of diethyl acetylenedicarboxylate 
was added by syringe. The vessel was sealed and placed in an oil bath at 120 ºC for 1 d. The 
crude mixture was concentrated to dryness under reduced pressure, and the resulting crude 
product mixture was dissolved in approximately 5 mL of CDCl3 (everything dissolves). NMR 
analysis revealed a 4:1 mixture of the mono:di-addition products. No starting material remained 
by NMR analysis. The two products were separated and isolated by silica gel chromatography 
with 10% ethyl acetate in hexanes as eluant to yield 11.7 mg (44%) of the mono-addition product 







5,12-bis(2,4,6-trimethylphenyl)-benzo[ijk]bisanthene-1,2-dicarboxylic acid diethylester (26): 
 
Pink solid, mp 65-67 ºC; 1H NMR (400 MHz, CDCl3) δ ppm 9.17 (d, J = 6.8 Hz, 2H), 8.34 (d, J 
= 9.6 Hz, 2H), 8.0 (t,  J = 8.4 Hz, 2H), 7.96 (d,  J = 8.4 Hz, 2H), 7.77 (d, J = 9.6 Hz, 2H), 7.21 
(s, 4H), 4.60 (q, J = 7.2 Hz, 4H), 2.53 (s, 6H), 1.89 (s, 12H), 1.51 (t, J = 7.2 Hz, 6H); 13C NMR 
(125 MHz, C2D2Cl4) δ ppm 168.5, 137.5, 136.1, 134.1, 131.5, 130.9, 128.5, 128.3, 127.8, 127.2, 
126.6 (2C), 125.8, 125.2 (2C), 124.8, 124.3, 123.8, 121.9, 121.2, 62.3, 21.4, 20.1, 14.3; UV-vis 
(CH2Cl2) λ max (ε, cm-1M-1) 230 (158900), 244 (sh,131400), 290 (38800), 332 (68300), 362 
(94500), 484 (18600), 488 (18400), 518 (41200), 560 (73600); HRMS (DART) calc. for 
C54H42O4 M+ 754.3083, found 754.3073 
 
7,14-bis(2,4,6-trimethylphenyl)ovalene-3,4,10,11-tetracarboxylic acid tetraethylester (27): 
 
Yellow/orange solid, mp 55-57 ºC; 1H NMR (400 MHz, C2D2Cl4) δ ppm 9.33 (d, J = 9.2 Hz, 
4H), 8.90 (d, J = 9.2 Hz, 4H), 7.38 (s, 4H), 4.77 (q, J = 7.2 Hz, 8H), 2.66 (s, 6H), 1.87 (s, 12H), 
1.63 (t, J = 7.2 Hz, 12H); 13C NMR (150 MHz, C2D2Cl4) δ ppm 168.9, 138.0, 137.9, 135.9, 
134.4, 128.7, 127.79, 127.75, 127.2, 125.6, 125.1, 122.6, 120.0, 62.6, 21.5, 20.4, 14.4; UV-vis 
(CH2Cl2) λ max (ε, cm-1M-1) 230 (57600), 248 (sh, 31100), 270 (sh, 12400), 332 (sh, 23600), 350 
(43800), 364 (88200), 420 (9200), 444 (15100), 470 (20700), 476 (20600), 510 (8800); HRMS 
(DART) calc. for C62H50O8 M+ 922.3506, found 922.3521  
X-ray quality crystals were grown by slow evaporation from ethanol (CCDC 771616) 
 
Running the same reaction (10 equiv. of diethyl acetylenedicarboxylate in toluene) at 150 ºC for 
24 h results in a 2:1 ratio of products 26 and 27, respectively, and no residual starting material by 
NMR analysis of the crude product mixture. Running the reaction at 120 ºC for 24 h with 50 
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equiv. of diethyl acetylenedicarboxylate in toluene drives the second cycloaddition to completion; 
NMR analysis of the crude product mixture shows the di-addition product, no residual starting 
material, and no monoaddition product. Running the reaction at 120 ºC for 24 h with 25 equiv. of 
diethyl acetylenedicarboxylate in toluene results in a 1:1 ratio of products 26 and 27, respectively, 
and no residual starting material, by NMR analysis of the crude product mixture. Running the 
reaction at 120 ºC for 24 h with only 2 equiv. of diethyl acetylenedicarboxylate in toluene results 
in a 3:2 ratio of mono-addition product 26 and starting material 10, respectively, and only a trace 





























































































































































































































































































































































































































2.4.7: Diels-Alder Cycloaddition Competition Between 7,14-Dimesitylbisanthene (10) and 
Perylene (1)  
 
In an oven dried 15 mL pressure vessel, 4.5 mg of perylene (1, 0.018 mmol) and 10 mg (0.017 
mmol) of dimesitylbisanthene (10) were dissolved in 1.0 mL of dry, degassed toluene, and 5.4 µL 
of diethyl acetylenedicarboxylate (5.8 mg, 0.034 mmol) was added by syringe. The vessel was 
sealed and placed in an oil bath at 100 ºC for 22 h. The reaction mixture was concentrated to 
dryness under reduced pressure, and the resulting crude product mixture was dissolved in 
approximately 5 mL of CDCl3 (everything dissolves). NMR analysis (see Figure 2.5 on page 15) 
revealed a 2:1 ratio of the dimesitylbisanthene mono-addition product and residual 
dimesitylbisanthene, respectively, as well as unchanged perylene but no trace of the perylene 
mono-addition product. 
 
2.4.8: Details of the Calculations for the First and Second Diels-Alder Cycloadditions to 
Phenanthrene (5) and the Periacenes (1, 2, and 9) in Figure 2.2; X,Y,Z Coordinates of All Starting 
Materials and Transition States (TS) can be Found in Appendix A.1 
 
All calculations were performed using density functional theory at the B3LYP/6-31G* level, 
employing the programs in Spartan. Complete vibrational analyses were performed to confirm 










2.4.10: Crystal Data for 7,16-Bis(2,4,6-trimethylphenyl)dibenzo[a,o]perylene (22) Can be Found 
in Appendix B.1.2 
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Chapter 3: Energetic Analysis of the Diels-Alder Cycloaddition/Rearomatization Strategy for 




In the course of designing armchair analogs and dienophiles for the development of a Diels-Alder 
cycloaddition/rearomatization strategy,* it became evident that a thorough theoretical 
investigation of the reaction should be undertaken.  This computational work needed to include 
such variables as stereochemistry, nanotube terminus, length, and diameter to assess the 
feasibility of a polymerization strategy for making single-chirality carbon nanotubes.  A series of 
structures was investigated, using acetylene as a simple dienophile for comparison of activation 
energies for the Diels-Alder addition.  Both Spartan1 and Gaussian2 were used interchangeably, 
depending on specific computational needs.† Structures were originally optimized at the AM1 
level of theory, and energetic comparisons were run at the B3LYP/6-31G* level of theory (See 
Experimental) unless otherwise noted.  Complete vibrational analyses were performed to assure 
that all starting materials had no imaginary frequencies and that all transition states had one 
imaginary frequency.  Activation energies were determined by subtracting the sum of the 
calculated energies of the starting materials from the calculated transition state energy.  The 
results were not zero point energy corrected.  Several unique trends were observed that may lead 
to improved future designs for single walled carbon nanotube templates. 
 
 
                                               
 
*
 See Chapter 3. 
†
 Gaussian was used most frequently for large molecules requiring the capability of processors running in parallel.  In general, Spartan was 
used to draw the molecule and perform initial minimizations.  The protein data bank (.pdb) file was then transferred to Gaussian and submitted 
to the campus computer cluster at Boston College (see Experimental Section for more details). 
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3.2 Results and Discussion: 
 
3.2.1: Stereochemical Effect of Dienophile Approach on Activation Energy 
 
One of the first considerations when comparing flat PAH test systems with potential nanotube 
templates is the effect of curvature on the activation energy of the Diels-Alder cycloaddition.  A 
unique corollary to this question is whether the addition will be favored from the convex or the 
concave face of the nanotube fragment.  Both problems are addressed relatively easily by 
computational methods.   
 
In comparing curved to flat molecules, the most logical comparison is to mimic the width of the 
cyclic template in the acyclic model.  For instance, biphenyl (28, Fig 3.1) can be compared to 
cycloparaphenylene (29), whereas phenanthrene (5) can be compared to cyclophenacene (30) in a 
straightforward manner.  This comparison must also take into consideration the face of the belt 
that the dienophile approaches.  When these factors are modeled, it is found that indeed curvature 
affects the transition state energies. The activation energy for the addition to biphenyl (28) is 
calculated to be 44.1 kcal/mol.  The concave addition to the corresponding belt (29c) was found 
to be symmetric and concerted with an activation energy of 49.8 kcal/mol; however, the convex 
addition (29v) consistently minimized to a higher energy asymmetric, non-concerted transition 
state suggesting a stepwise addition. The same is true for the fused cyclophenacene series, in 
which the concave addition forms a symmetric concerted transition state (30c) with an activation 
energy of 57.3 kcal/mol, and the convex addition (30v) gives the stepwise geometry.  
Phenanthrene (5), in comparision, has an activation energy of 43.9 kcal/mol. The conversion of a 
symmetric initial geometry to a stepwise geometry, consisting of an essentially fully formed 
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single bond, with a transition state vibration representing the bond forming event of the second 
bond, was universal for all convex additions calculated for the series 29-41 (Figure 3.4). This 
result may be due to several phenomena which will be discussed in further detail later in this 
chapter.   
 
The greater energy required for addition to the curved molecules has several potential causes.  In 
addition to geometric distortion of the new ring, causing strain in the structure, there is also 
significant disruption in the aromaticity of the belt, and even potential for steric interactions of the 
approaching dienophile with the rim of the nanotube.  This energetic cost is balanced against 
what is likely increased p-orbital overlap between bay-region orbitals and the incoming acetylene 
orbitals when approaching from the concave face (Figure 3.2) and the additional energetic benefit 
of disrupting the aromatic stabilization energy (ASE) of a more extended aromatic system.  In the 
case of the convex approach, the distortion of the p-orbitals due to the curvature of the molecule 
Figure 3.1: Activation energies of small PAHs and analogous belts (B3LYP/6-31G*) 
58 
 
decreases orbital overlap and likely increases the activation energy for addition, potentially to the 
point where the stepwise addition is preferred.   
 
Distortion is also a significant factor in the activation energy for addition.  This contortion of the 
belt structure is evident when looking at the transition state structure of molecule 29 (Figure 3.3).  
The distance across the ring from the two most separated quaternary carbon atoms is 
approximately 7.0 Å in non-derivatized 29; however, the belt is compressed in the cycloaddition 
transition state. For the concave addition (29c), the atomic distances are 7.2 Å by 6.8 Å. It is 
unknown how much distortion contributes relative to the energy gained by orbital overlap.  It is 
possible to envision a series of calculations in which the diameter is increased successively, 
decreasing curvature, that could potentially decipher the contribution of each interaction, but it is 
sufficient for the purposes here to conclude that both superior overlap and decreased distortion 
contribute to the concave approach being lower in energy than the convex addition, which 
changes mechanisms, and that the curved system will have a higher activation energy than any 
flat analog. 








3.2.2: Effects of Nanotube Terminus on Activation Energy for Diels-Alder Addition 
 
As mentioned in Chapter 1, there are many proposed templates for a cycloaddition/ 
rearomatization strategy toward nanotube growth.  Of these many designs, there are two main 
categories, capped and uncapped, often referred to as bowls and belts. Synthetic challenges aside, 
it was thought that one type of template may be favored for the growth mechanism.  In order to 
probe the reactivity of the molecules, calculations were performed on two series of [5,5] carbon 
nanotubes, one with open ends and the other with a closed end (Figure 3.4).  Again, acetylene 
was used as the dienophile, and comparisons were made based on the numbers of parallel rows of 
benzene rings.  For example cycloparaphenylene 29, discussed previously, serves as the belt for 
comparison to the C40H10 bowl (31) that contains all 6 five-member rings required to make a 
hemisphere and is rimmed with benzene bay regions.  Successive members in each family contain 
10 new carbons and 5 new bay regions. Calculations were performed on the concave additions for 
the first addition to each new layer. The AM1 level of theory was used initially for fast, 
preliminary comparisons.  
 
 




The results of this examination were two-fold.  In addition to a clean trend in activation energies 
for belts versus caps, a periodicity based on nanotube length emerged.  For example, concave 
addition to the first set in the series (29c and 31c) shows that the addition to the capped nanotube  
is 7.2 kcal/mol lower in energy.   The large difference aligns with the expectation that the greatest 
effects from changing the nanotube terminus would be seen on the shortest templates.  As the  
length increases, however, the nanotubes should start to converge to more similar steric and 
electronic properties.  This trend is indeed observed.  The gap between the activation energy for 
addition to the capped template and that for the open template decreases quickly as the length 
increases by even one new set of rings.  For the concave addition, the differences in activation 
energies for the belts versus the bowls are 7.2, 0.8, 1.3, 1.8, and 0.2 kcal/mol for the 29c/31c pair 
through the 37c/38c pair (Figure 3.5).     
Figure 3.4: Summary of carbon nanotube belts and bowls investigated in this chapter 
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Though the trend comparing each layer of growth is seemingly straightforward, the absolute 
activation energies do not follow a gradual downward trend.  Instead, the activation energy for 
addition increases in all of the concave additions for the second and third belts (30 and 33) and 
end-caps (32 and 34) in this series. Then the activation energy drops for the next member of each 
family (35 open and 36 capped) and begins climbing again for the following members, though not 
to the same extent (Figure 3.5).  This repeating triad seems to be converging rapidly on some 
constant activation energies for concave addition, which may be the case as the nanotube 
approaches infinite length. 
 
At the AM1 level of theory, the transition states for cycloaddition to the concave face change 
from being symmetric for the lower energy transition states to asymmetric for the higher energy 
transition states, though they remain concerted for all additions, unlike the convex additions (vide 
supra). These transition state geometries were found starting from both symmetric and 










































asymmetric starting geometries, increasing the bond lengths by 0.05 Å increments and optimizing 
to a transition state.  The pattern is very unique and warranted further investigation. 
 
3.2.3: Effects of Nanotube Length on Diels-Alder Activation Energy 
 
The periodicity noticed when investigating the differences between capped and open tubes at the 
AM1 level of theory warranted a thorough investigation using Density Functional Theory (DFT) 
to obtain more accurate energies.  Beginning with the concave addition to cycloparaphenylene 
(29c), the concave additions for a series of eight aromatic belts of increasing length were 
modeled.  In other words, starting from a molecule of molecular formula C30H20 (29) and ending 
on a molecule of molecular formula C100H20 (41), the energy of the Diels-Alder addition of 
acetylene was calculated at B3LYP/6-31G*.   As the structures grew, the computational 
requirements grew also.  In order to complete the study on a reasonable timescale and have 
enough system memory for the calculations, the structures were drawn and optimized to an AM1 
transition state in Spartan, then transferred as a protein data bank file (.pdb) to the Boston College 
computer cluster and submitted to a node of four processors for geometry optimization and 
vibrational analysis with the Gaussian092 software package.  Even with this additional capability, 
several molecules in the series took up to a month to find an optimized structure with a single 
imaginary frequency representing a concerted transition state.*  
 
In general, the B3LYP/6-31G* results align with the trend originally observed in the AM1 data 
(Figure 3.6), though the absolute values of the activation energies were significantly lower, 
approximately 3-15 kcal/mol.  The triad pattern continues through the eight nanotube lengths, 
                                               
 
*
 Please see the experimental section for an example of the parameters used in calculating the energies for each transition state. 
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with cycloparaphenylene 29c as a low activation energy, followed by increasing energy from 30c 
to 33c, followed by a drop at 35c and subsequent increase for two additions. One unique change 
occurs, however, when optimizing the structures with DFT.  The transition states for the second 
points in the patterns (30c, 37c, 41c) converge to symmetric transition states, whereas at AM1 
they were asymmetric.  Each of these transition states has a single imaginary frequency, and 30c 
was started from both symmetric and asymmetric initial geometries to be sure this minimization 
was correct.  The third (33c) and sixth (39c) members of the series, representing the highest 
activation energies of the series, represent asymmetric yet concerted transition states at this higher 
level of theory. Molecule 33c converged to this asymmetric transition state even from a 
symmetric starting geometry.  While 39 has yet to converge, the energy changes are less than 0.1 
kcal/mol after several cycles.  With bond lengths also only changing slightly and similar to other 
asymmetric transition states, this energy represents, for now, a confident estimate of the final 
activation energy for the addition. The lengths of the partial bonds in the transition states of 33 
were 1.81 and 2.25 Å and of 39 were 1.99 and 2.10 Å. 






























The reasons behind the asymmetric transition states interspersed throughout the series is not 
altogether understood.  This phenomenon, however, coincides with an unusual change in the 
symmetry of the HOMO for the molecules in the series (Figure 3.7).  For each addition in the 
triad, the areas with the highest HOMO coefficients change from being centered on individual  
Figure 3.7: HOMO coefficients for the series of [5,5] carbon nanotubes 
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atoms (29, 35, and 40), to centered diagonally on pairs of atoms (30, 37, and 41) to centered 
horizontally on pairs of atoms (33 and 39).  It is not clear, specifically, why this occurs or how 
this affects the geometry of the addition, but it is unmistakable that the change in HOMO 
coefficient corresponds to similar energy levels in the pattern.  
 
When looking at the HOMO as a molecular orbital, taking signs into account, the reasons behind 
the pattern find some clarity (Figure 3.8).  For belt 29 there is proper orbital symmetry, 
resembling a 1,3-diene HOMO in the bay-region, for the addition of the LUMO of acetylene with 
the HOMO of the cycloparaphenylene.  As the belt is increased in width to 30, the symmetry is 
maintained, but the HOMO coefficients are significantly smaller on the rim carbons.  The most 
striking finding, which coincides with the unique HOMO coefficients discussed previously, is 
that belt 33 does not have proper orbital symmetry for a concerted thermal cycloaddition.  The 
bay region contains two nodes, making the carbons for addition the same sign.  Though a 















transition state can be found computationally, it is significantly higher in energy and quite 
asymmetric.  This feature might explain the propensity for two-step or asymmetric transition 
states for molecules with this molecular orbital symmetry along the rim.   
 
Often, chemists use rules developed by Eric Clar to help decipher activity trends in polycyclic 
aromatic hydrocarbons.3  Clar’s use of aromatic pi-sextets, to identify the dominant resonance 
contributors, is used as a quick guiding principle for predicting reactivity on these complex 
systems.  In brief, the molecule that can be drawn with the most fully benzenoid rings and the 
fewest non-armomatic double bonds is the most stable.  This stability suggests that those rings 
with the greatest aromatic character should be the least reactive.  When Clar’s rules are applied to 
the nanotube belts discussed in this chapter the opposite seems to be true.   
 
An initial look at the first three belts in the series (29, 30, and 33) shows that the reactivity trend 
appears to be incorrect (Figure 3.9).  Cycloparaphenylene belt 29 has one all-sextet Clar 
representation, that of five benzenoid rings; therefore, Diels-Alder addition to two of those rings 
should have the greatest barrier to overcome, yet it has the lowest activation energy of the series.  
Cyclophenacene belt 30 has two equal Clar contributors, each with five sextets.  Addition to this 
molecule should be easier because the benzenoid character of the rings is slightly decreased due 
to the partially olefinic structure, but it is calculated to be higher.  Finally belt 33, is predicted to 
be the best Diels-Alder diene, with a structure resembling perylene, including only five Clar 
sextets and having the opposite side of the belt resemble an s-cis diene; however, it represents the 




If one tries to predict reactivity based on the number of sextets disrupted in the transition state, 
both 29 and 30 disrupt two aromatic rings, placing them on equal ground by this approximation 
(Figure 3.10).  Molecule 33, on the other hand, preserves five sextets, suggesting it would be the 
easiest addition, but it will be the most difficult, according to our energy calculations. 
 
Perhaps the full resonance hybrid of the molecules gives a different result than the Clar 
predictions, and the bonds involved in the cycloadditions should be analyzed according to their 
Pauling bond orders.4  The number of resonance structures for these belts increases drastically for 
each layer of growth, not to mention changing diameter or adding a capped end, and therefore a 
simple valence bond model for understanding this periodic trend as the length increases is yet to 










A similar three-fold pattern has been recognized in the predicted band-gaps for single walled 
nanotubes.5  Therefore, it is likely that it would exist for nanotubes with diameters other than 
those studied in this work.  In the case of other nanotubes, the molecules with the highest 
activation energy for addition will be a result of the individual molecular orbitals and their 
energetic consequences not of the specific length. 
 
 3.2.4: Effect of End-cap Diameter on Diels-Alder Activation Energies 
 
The final variable that may play a significant role in the energy required for a cycloaddition/ 
rearomatization strategy for nanotube growth is the diameter of the template.  Discussed briefly in 
section 3.2.1, diameter may potentially have significant effects based on orbital overlap and steric 












investigated computationally at the AM1 level of theory to see if their diameter affects the 
potential for growth.  These three bowls represent [5,5] (32), [6,6] (42), and [10,10] (43) 
nanotube end-caps. The results are striking; as diameter increases, there is a significant drop in 
the energy of activation for addition to the rim of the template from the concave face* (Figure 
3.11).  Since orbital overlap should decrease as diameter increases (vide supra), the drastic drop 
in energy, nearly 30 kcal/mol from a [5,5] to a [10,10] nanotube template, must be a combined 
result of steric relief and electronic benefits of a larger aromatic system.   
 
 It has been shown repeatedly in this chapter that AM1 overestimates the activation energy for 
addition.  Therefore, this calculation suggests that the addition to the [10,10] single walled carbon 
                                               
 
*
 Though approach of acetylene from the convex face of 32 and 42 results in a stepwise transition state, the convex approach of 43 is concerted 
despite having a significantly asynchronous nature with incipient bond lengths of 1.7 and 2.6 Å. The transition state activation energy at AM1 








































nanotube end-cap (43) is energetically very similar to, if not easier than, the addition to 
dimesitylbisanthene (10).*  Indeed, preliminary activation energies for 42 and 43 of 52.9 and 27.1 
kcal/mol, respectively, where the transition states have been running for an extended period but 
have yet to converge, suggest the trend to be true. These energies, represented by the bottom line 




The goal of this theoretical study was to determine what variables most greatly affect the 
feasibility of a cycloaddition/rearomatization strategy on single walled carbon nanotube 
templates.  The investigation of stereochemistry, nanotube terminus, length, and diameter 
suggests that there are significant attributes that should be considered when designing a seed for 
nanotube growth.  One of the most significant findings is that future designs should likely avoid 
small diameter precursors.  Though orbital overlap increases with decreased diameter, the 
benefits do not outweigh the detrimental effects of steric encumbrance of the approaching 
dienophile and the energetic cost of deforming a smaller more rigid structure.  A larger diameter 
starting material, in addition to alleviating the latter, also benefits from a more delocalized 
aromatic system, distributing the disruption in aromaticity across many more rings.  The 
investigation of nanotube length also revealed that, despite a gradual trend to lower transition 
state energies, the barriers to the first several iterations of growth fluxuate with a three-fold 
periodicty, and a dienophile designed to add to one template should be reactive enough to 
overcome the larger barriers as growth continues.  Finally, it was learned that the remote terminus 
of the template does not significantly affect the energy of addition. Whether the precursor is a 
                                               
 
*
 The transition state energy for the addition to 10 calculated at B3LYP/6-31G* is 24.2 kcal/mol, as discussed in Chapter 3, and 34.9 kcal/mol 
at AM1 . 
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nanotube belt or a bowl becomes irrelevant soon after the first layers of growth, and a well 
designed template should be long enough initially to have a sufficiently low energy of activation 
for sustained growth, making the terminus insubstantial.   
 
The implications of this study, though potentially interpreted as daunting for this specific growth 
mechanism, are just the opposite, encouraging.  Several templates currently in development seem 
to fit many of the criteria for well-designed potentially successful seeds for nanotubes.  The most 
exciting is currently the [10,10] carbon nanotube end-cap (43, Scheme 3.1).  This molecule has a 
unique and straightforward proposed synthetic route from corannulene (44) through 
pentacorannulenylcorannulene (45), and it has a promising low calculated energy of activation for 
the Diels-Alder reaction.  Other existing targets such as the C70H20 belt (37, Scheme 3.1), a 
molecule potentially accessible by synthetic routes from anthracene (46) pioneered by Ranier 
Herges,7 may have significant potential for growth.  The outlook for success in growing 
Scheme 3.1:  Retrosynthetic Approaches to Two Potential Nanotube Templates 
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nanotubes is bolstered by the findings of these calculations. 
3.4 Experimental Procedures: 
 
3.4.1: General Experimental 
 
All molecules discussed in this chapter were modeled by Spartan ‘061 and minimized at the AM1 
level of theory.  In the case of transition state calculations, a transition state was found by 
estimating the length of the incipient bonds and locking that bond distance for an initial geometry 
minimization of the remainder of the molecule. Typically, both bonds were set to a length 
between 1.9 and 2.1 Å for symmetric transition states and between 2.2 and 1.7 Å differing by 0.1 
Å for asymmetric transition states.   After this process, the constraints were removed, and the 
molecule was submitted for a transition state calculation.  For the first three molecules in the 
series, AM1 geometries corresponding to symmetric transition states; asymmetric transition states 
were submitted at the B3LYP/6-31G* level of theory, and all converged to one geometry as 
indicated in the discussion (vide supra).  Complete vibrational analyses were performed to assure 
that all starting materials had no imaginary frequencies and that all transition states had one 
imaginary frequency.  This work was performed on a Dell Precision Workstation T7400 with 
Memory Riser (Nseries) containing a Quad Core Intel Xeon Processor X5482 (3.20 GHz, 2X6M 
L2, 1600) and Red Hat Enterprise Linux WS v5 for EM64T 64 Bit system.  The Boston College 
cluster uses dual-core nodes from Rackable Inc. with dual-core AMD (2.6 MHz) processors for 
8GB of memory. Calculations submitted to the cluster were constrained to running four 
processors on a single node. Activation energies were determined by subtracting the sum of the 
calculated energies of the starting materials from the calculated transition state energy.  The 




Due to the growing size of the molecules, two additional commands were used, maxcycle = n and 
optcycle = n (n = 200-500 depending on the molecule), to prevent the program from finishing 
before the structure converged.  If the calculation could be performed at a B3LYP/6-31G* level 
of theory in Spartan, it was run with this program, but if the molecule was too large for the 
memory distribution with Spartan (output reads, “error positioning pointer in file”), the protein 
databank file (.pdb) was saved and the geometry transferred to the Boston College computer 
cluster8 to be run on Gaussian09.  In Gaussian, many parameters were used to prevent unwanted 
conversion failures.  The important ones will be described here.  In general, the structures were 
optimized (opt) or optimized to a transition state (opt + freq) at B3LYP/6-31G* with the added 
parameters similar to those used for Spartan, “opt=(maxcycle=500) and scf=(maxcycle=2000)”.  
A common error arose when a negative eigenvalue was produced in the calculation, stopping 
progress, but this was overcome by including the command, “opt=(noeigentest),” which is 
commonly used for curved molecules to prevent this error.9  Even then, the memory requirements 
were very large for these molecules, so the command, “scf=(qc)” was used, which, according to 
the Gaussian09 manual, decreases the computational burden for large molecules.   Finally, the 
command “formcheck” was utilized, which produced a formatted checkpoint file, containing the 
frequency and energy data for the molecule.  The series of molecules 29-41 took anywhere from 
1 to 20 days to complete, even with the campus cluster.  Some calculations took even longer, 








3.4.2: Details and Table of Calculated Energies for Molecules Appearing in Figure 3.1 
(B3LYP/6-31G*); XYZ Coordinates of calculations for the Structures in Figure 3.1 Can be Found 
in Appendix A.2.1 
 
All calculations were performed using density functional theory at the B3LYP/6-31G* level or 
AM1 as indicated, employing the programs in Spartan or Gaussian. Complete vibrational 
analyses were performed to confirm that all starting materials have no imaginary frequencies and 
that all transition states (TS) have one imaginary frequency.  
 
 
3.4.3: Details and Table of Calculated Energies for Molecules Appearing in Figure 3.5 (AM1); 
XYZ Coordinates of Calculations for the Structures in Figure 3.5 Can be Found in Appendix 
A.2.2 
 
All calculations were performed using AM1 as indicated, employing the programs in Spartan. 
Complete vibrational analyses were performed to confirm that all starting materials have no 











28a -463.306162 -77.3256525 -540.561583 44.1
5a -539.53874 -77.3256525 -616.794394 43.9
29c -1155.09828 -77.3256525 -1232.34467 49.7





3.4.4: Details and Table of Calculated Energies for Molecules Appearing in Figure 3.6 
(B3LYP/6-31G* and AM1 as Indicated); XYZ Coordinates of Calculations for the Structures in 
Figure 3.6 Can be Found in Appendix A.2.3 
 
All calculations were performed using density functional theory at the B3LYP/6-31G* level or 
AM1 as indicated, employing the programs in Spartan or Gaussian. Complete vibrational 
analyses were performed to confirm that all starting materials have no imaginary frequencies and 
















29c 231.4397354 54.7998948 339.6488169 53.4
30c 296.7594790 54.7998948 414.7286807 63.2
33c 384.7588576 54.7998948 506.2296773 66.7
35c 471.1408293 54.7998948 580.0602988 54.1
37c 543.8748470 54.7998948 659.8950837 61.2










31c 515.7990249 54.7998948 616.8219025 46.2
32c 628.0866993 54.7998948 746.8642519 64.0
34c 725.8906262 54.7998948 848.7028537 68.0
36c 813.1058556 54.7998948 920.1830449 52.3




3.4.5: Details and Table of Calculated Energies for Molecules Appearing in Figure 3.11; XYZ 
Coordinates of Calculations for the Structures in Figure 3.11 Can be Found in Appendix A.2.4 
All calculations were performed using density functional theory at the B3LYP/6-31G* level or AM1 as 
indicated, employing the programs in Spartan or Gaussian. Complete vibrational analyses were performed 
to confirm that all starting materials have no imaginary frequencies and that all transition states (TS) have 

















29c -1155.098217 -77.3256525 -1232.34459 49.7
30c -1536.219729 -77.3256525 -1613.454085 57.3
33c -1917.317643 -77.3256525 -1994.551023 57.9
35c -2298.427591 -77.3256525 -2375.676123 48.4
37c -2679.552186 -77.3256525 -2756.791624 54.1
39c -3060.653953 -77.3256525 -3137.88946 56.6
40c -3441.754192 -77.3256525 -3519.00239 48.6
41c -3822.879637 -77.3256525 -3900.120534 53.2










29c 231.4397354 54.79989484 339.6488169 53.4
30c 296.7594790 54.79989484 414.7286807 63.2
33c 384.7588576 54.79989484 506.2296773 66.7
35c 471.1408293 54.79989484 580.0602988 54.1
37c 543.8748470 54.79989484 659.8950837 61.2
39c 630.8959417 54.79989484 750.3343547 64.6
40c 719.1389101 54.79989484 829.1362357 55.2
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32c -1911.221644 -1988.5473 -1988.459421 55.1
42c -2293.562349 -2370.888 -2370.803636 52.9
43c -4585.225709 -4662.5514 -4662.508193 27.1










32c 628.0866993 54.7998948 746.8642519 64.0
42c 686.2204971 54.7998948 802.5127581 61.5
43c 994.6399737 54.7998948 1087.450576 38.0
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4.1.1: Addressing the Need for a Hydrogen Terminated Edge of a Growing Nanotube 
 
The overall strategy for growing single-chirality carbon nanotubes by a cycloaddition/ 
rearomatization process, as it has been discussed to this point, has only briefly mentioned the 
nature of the growing nanotube edge.  In the calculations and theoretical descriptions, acetylene 
was used as the dienophile for simplicity and clarity.  Initial experiments involved reactions of the 
model system dimesitylbisanthene (10) with acetylene dicarboxylates, to utilize the increased 
reactivity of the molecules and allow the reaction to be easily followed by proton NMR 
spectroscopy.*  These approaches and findings laid the groundwork for understanding the 
reactivity, electronics, and future prospects of this methodology.  Realistically, however, the 
success of this process relies on the ability to repeatedly generate a hydrocarbon edge of 
uninterrupted bay-regions, as if acetylene were used.  Since acetylene is a notoriously unreactive 
dienophile,1 new reagents or methods would need to be utilized that would possess greater 
reactivity than acetylene but also leave no residue other than hydrogen on the new edge.  In 
addition, this reaction should proceed without need for isolation or intervention, as is required  
with the addition of maleic anhydride to perylene.2,†  This chapter discusses the development and 
utilization of reagents capable of meeting the stated criteria, having high reactivity, leaving a 
                                               
 
*
 See Chapter 2 for experimental work with substituted acetylenes on dimesitylbisanthene (10). 
†
 See Chapter 2 for discussion of historical precedent using maleic anhydride for generating new benzene rings. 
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hydrocarbon edge, and proceeding in one uninterrupted sequence to add new benzene rings to 
aromatic bay-regions, essentially masked acetylenes.  
 
4.1.2: General Approach to Masked Acetylenes  
 
The concept of a masked acetylene has been around for nearly 40 years.  The early developments 
were generally two-step process, adding a reactive molecule to an unreactive diene followed by a 
second cleavage process.  For instance in 1973, Anderson and Dewy showed that reacting 2-
phenyl-1,3-dioxol-4-ene (47) with butadiene (48) could provide the cyclohexene product (49), 
which could be fragmented by n-butyllithium to produce 1,4-cyclohexadiene (50, Scheme 4.1).3  
This product cannot be produced directly with acetylene and butadiene (48).  Another example of 
this type of approach was developed in 1986 by Ono et al.  Although demonstrated on a number 
of dienes, cyclopentadiene (51) can be reacted with the β-sulfonylnitroethylene (52) to produce 
the norbornene derivative (53), which is followed by treatment with Bu3SnH and AIBN to give 
the norbornadiene product.4  Both methods accomplish transformations which are difficult if not 



















impossible with acetylene alone, but they require two distinct steps, which is impractical for the 
application to carbon nanotube production.   
 
Paquette, in 1978, developed a reagent capable of performing this transformation in one single 
step.  Using phenylvinyl sulfoxide (54), anthracene (46) was transformed into dibenzobarrelene 
(55) in 83% yield (Scheme 4.2).5  This reaction is unique in that the sulfoxide activates the alkene 
for addition and then undergoes a thermal syn-elimination to give the hydrocarbon product.   
 
In addition to activating the dienophile for the Diels-Alder reaction, Paquette demonstrated the 
ability of phenylvinyl sulfoxide (PVS, 54) to form new benzene rings by reacting the molecule 
with 1,2,3,4-tetraphenylcyclopentadieneone (56, Scheme 4.3).  In one reaction, without need for 
intervention, the cycloaddition, elimination of CO, and intramolecular elimination of the 
sulfoxide progress to form 1,2,3,4-tetraphenylbenzene (57) in 91% yield.  Following Paquette’s 
discovery, many other similar masked acetylenes were developed, although none could carry out 
the overall transformation in a single operation.6 Phenylvinyl sulfoxide (54) remained the most 
promising reagent for transforming aromatic bay-regions into new benzene rings, though there 
were no published accounts of such attempts.  Because the reagent had demonstrated increased 
Scheme 4.2: Paquette’s use of phenylvinyl sulfoxide (54) as a masked acetylene 
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reactivity and was capable of generating an aromatic product with a hydrocarbon edge in one 
step, phenylvinyl sulfoxide (54) became the launching point for our investigation into the use of 
masked acetylenes on the bay-regions of polycyclic aromatic hydrocarbons (PAHs). 
 
4.2 Results and Discussion: 
 
4.2.1: Reactions of Phenylvinyl Sulfoxide (PVS) with Aromatic Bay-regions 
 
To demonstrate the ability of PVS (54) to react with bay regions, initial attempts focused on 
perylene (1) with the hopes of synthesizing coronene (8, Scheme 4.4).  Despite harsh conditions, 
culminating in perylene (1) run neat in 50 equivalents of PVS (54) at 155 ºC, no evidence for the 
formation of coronene or the mono-addition product benzo[ghi]perylene (7) was observed.  
Despite the increased activity of PVS, relative to acetylene, the poor reactivity of perylene that 
was discovered with diethyl acetylenedicarboxylate* also seems to be hindering this reaction.  As 
a result of the sluggish reactivity, investigation of PVS as a masked acetylene needed to be done 





                                               
 
*
 See chapter 2 for a discussion of perylene reactivity. 




Treatment of dimesitylbisanthene (10, Scheme 4.5) with PVS (54), neat at 155 ºC, resulted in a 
mixture of the mono-addition/rearomatization product (59) and the di-addition/rearomatization 
product, dimesitylovalene (60).  Though chromatography could be used to separate the two 
molecules, filtration from ethanol resulted in clean 60 in 16% yield.  Despite the forcing 
conditions the conversion generally remained low due to the polymerization of PVS (54) at these 
high temperatures.  Because of this rapid degradation of the dienophile, PVS lost its luster as the 
definitive masked acetylene.  Numerous iterations are required to grow a nanotube; therefore, a 





Scheme 4.4: Reaction of PVS with perylene  
Scheme 4.5: Conversion of dimesitylbisanthene to dimesitylovalene with PVS 
83 
 
4.2.2: Computational Investigation into More Reactive Masked Acetylenes 
 
To develop better masked acetylene reagents, it was beneficial to generalize the desired 
functionality and break down the specific needs.  As seen in Scheme 4.6, the new molecule would 
need to contain a functionality X which activates the dienophile, but also have some functionality 
Y capable of facilitating the intramolecular elimination crucial to the success of nanotube growth.  
This model compound should leave a hydrocarbon edge on the growing nanotube or template, the 
other requirement for the cycloaddition/rearomatization strategy.   
 
For initial study, potential dienophiles were modeled as the transition states for cycloaddition to 
cyclopentadiene.  Much like the acetylene calculations on both flat templates and growing 
nanotubes,* the structures were optimized to the transition state geometry and then were submitted 
for frequency calculations.  All transition states were determined to have a single imaginary 
frequency and were not zero point energy corrected.  The activation energies were determined by 
subtracting the combined energy of the starting materials from the transition state energy.   
 
Many potential dienophiles were variations on the PVS (54) theme in an effort to increase 
reactivity.  For instance, p-nitrophenylvinyl sulfoxide (61), perfluorophenylvinyl sulfoxide (62), 
and trifluormethylvinyl sulfoxide (63) were investigated (Figure 4.1).  In addition to these, more 
                                               
 
*
 See Chapter 3 for a detailed description of techniques used for transition state modeling and computation. 
Scheme 4.6: General structure of proposed masked acetylenes 
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exotic ideas were modeled such as phenylvinyliodoacetate (64), phenylvinyliodo alcohol (65), 
phenylvinyl selenoxide (66),* and nitroethylene (67).  Despite significantly lower activation 
energies for many of the molecules, nitroethylene (67) emerged as the most reactive masked 
acetylene and a reagent that had well-established syntheses.7 Other dienophiles were considered 
that would not leave the proper hydrocarbon edge such as the vinyl halides of phenylvinyl 
sulfoxide, but precedent in the literature suggested that the addition of these halides only slows 
the reaction. 
 
To be thorough, some of the best candidates were then modeled with density functional theory 
(DFT) at B3LYP/6-31G* with cyclopentadiene and with some polycyclic aromatic hydrocarbons 
(PAHs).  Even after these calculations, nitroethylene (67) appeared to be the best candidate for 
further study (Table 4.1) 
                                               
 
*
 The activation energy for phenylvinyl selenoxide (66) was calculated with PM3, because AM1 is incapable of handling selenium.  





The increased reactivity of nitroethylene (67) was confirmed experimentally to support the 
calculated improvement in reactivity.  Several dienophile solutions of equal concentration were 
exposed to diphenylisobenzofuran (68, Figure 4.2), a very reactive diene, and the cycloaddition 
was monitored by 1H NMR.  The slowest, used as a reference, was phenylvinyl sulfoxide (54).  
The half-life for addition of PVS was approximately 65 min despite being held at 100 ºC between 
measurements.  Dimethyl acetylenedicarboxylate (69), which should have similar reactivity to the 
diethyl version used for the competition experiment of dimesitylbisanthene (10) and perylene (1),* 
had a half-life of about 50 min at room temperature.  Nitroethylene (67), freshly distilled from a 
mixture of 2-nitroethanol (70) and phthalic anhydride and diluted with NMR solvent was 
significantly more reactive than either of the other dienophiles, having a half-life of around 80 s 
at room temperature.  These results confirmed the calculated benefit of nitroethylene and 
suggested it should be a far superior masked acetylene for nanotube growth, provided that the 
final elimination of HONO could be induced thermally. 
                                               
 
*
 See Chapter  2 for the details of this reaction. 











54 18.8 0.0 54 29.8 0.0
63 17.1 -1.7 67 23.6 -6.1
67 12.1 -6.7
B3LYP/6-31G* cycloaddition to cyclopentadiene (51)




4.2.3: Nitroethylene as a Masked Acetylene 
 
Though reactions were run with nitroethylene (67) freshly distilled from dehydrating agents, 
generated in situ from nitroethylacetate, or in situ from a mixture of nitroethanol (70) and phthalic 
anhydride, the latter was by far the most consistent and convenient method.*  Treating 
dimesitylbisanthene (10) with 50 equivalents of 2-nitroethanol (70) and phthalic anhydride at 135 
ºC in a pressure vessel resulted in conversion to dimesitylovalene (60, Scheme 4.7) in up to 84% 
yield.  Though nitroethylene also polymerizes, the cycloaddition/rearomatization reaction seems 
to proceed faster than the polymerization occurs.  In addition, the polynitroethylene byproduct is 
easily deprotonated and solubilized by washing with hydroxide bases, which are incorporated in 
the workup to remove any remaining phthalic anhydride.   
 
                                               
 
*
 See the experimental section to compare the results of the different methods for generating nitroethylene (67). 

























Phenylvinyl Sulfoxide 100 ºC
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In addition to excelling as a masked acetylene for the addition to dimesitylbisanthene (10), 
nitroethylene (67) under the same reaction conditions reacts with perylene, giving yields of 
benzo[ghi]perylene (7) of 17%, a reaction in which phenylvinyl sulfoxide (54) fails (Scheme 4.7).   
 
This increased reactivity bodes well for the application of nitroethylene (67) to the synthesis of 
arm-chair nanotubes from aromatic templates.  Using this masked acetylene, not only were 
multiple bay-regions converted into new benzene rings, but the increased reactivity of 
nitroethylene (67) pushed conversion significantly higher, which will be essential for sustained 
growth of a nanotube.    
 
Jennifer M. Quimby recently demonstrated the first addition of nitroethylene (67) to a curved 
system (Scheme 4.8).  Exposing bicorannulene (71) to the masked acetylene resulted in two 
additions to form product (72).  Though the central core of 71 is not significantly curved, this 








4.2.4: Mechanistic Considerations of the Nitroethylene Cycloaddition/Rearomatization Pathway 
 
The conversion of bay-regions into new benzene rings using nitroethylene (67) is a unique 
process.  Nitroethylene has not been used previously as a masked acetylene because it does not 
readily eliminate HONO in common Diels-Alder cycloadditions.9  To investigate this process 
further, anthracene (46) was treated with the same masked acetylene conditions (Scheme 4.9).  
The nitroethylene undergoes cycloaddition to form 73; however, heating the purified 73 at 130 ºC 
for 39 h shows no change from the starting material.  This suggests the added energetic benefit 
from forming a new aromatic ring drives the elimination.  In addition, the C-H bond and the C-N 
bond involved in the rearomatization are both benzylic, likely lowering the activation energy of 
the elimination.   
 
Because of this unique reactivity, nitroethylene (67) is, unfortunately, not the best masked 
acetylene for general purposes, but it is perfect for the application of growing single-chirality 
Scheme 4.8: Addition of nitroethylene to the curved bay-region of bicorannulene 
Scheme 4.9: Addition of nitroethylene (67) to anthracene (46) does not result in elimination  
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carbon nanotubes from arm-chair templates.  Transforming dienes other than bay-regions may be 
possible, however, assuming they are designed to give the energetic benefit of both forming 
aromatic rings and assisting the elimination with a stabilized transition state.   
 
4.2.5: Transformation of Vinyl-substituted PAHs into New Benzene Rings with Nitroethylene 
 
In addition to transforming bay-regions, attempts were made at transforming vinyl-substituted 
polycylic aromatic hydrocarbons into new benzene rings (Scheme 4.10).  Since the transition 
state of the addition maintains both requirements for the elimination using nitroethylene, 
rearomatization by loss of hydrogen and a benzylic hydrogen, it was thought the reaction might 
proceed well.  Despite small PAHs being unreactive in the bay-regions as discussed before (vide 
supra), these molecules were designed so that the vinyl group would form an s-cis diene with one 
of the most olefinic bonds in the PAH.  For instance, the 1,2-bond of naphthalene is more olefinic 
in character than the 2,3-bond; therefore the vinyl substituent was installed at the 1 position to 
allow cycloaddition involving this bond (74). The only possible product of this reaction is 
phenanthrene (5), which could be easily identified.  The same electronic considerations are true 
for the 9,10-bond of phenanthrene; thus the transformation of 9-vinylphenanthrene (75) to 
triphenylene (76) was attempted.  The conversion of vinylnaphthalene was unsuccessful, whereas 











vinylphenanthrene produced triphenylene in an unoptimized yield of 12%.  The increased 
reactivity of the phenanthrene derivative may be due to the slightly more olefinic character of the 
bond involved in the reaction.  For phenanthrene 4/5 of resonance structures have a double bond 
at that position, while in naphthalene 2/3 of the structures are olefinic, making it slightly more 
resistant to reaction. 
 
Encouraged by these results, Natalie J. Smith attempted to use this methodology to transform 
vinyl-corannulene (77) into benzocorannulene (78, Scheme 4.11).  She was successful in 
generating the new ring in 42% yield.10  With this success, she has begun work toward making the 
penta-vinyl corannulene (79) and eventually making the pentabenzocorannulene (80) which could 
potentially be closed to a C40H10 end cap of a [5,5] carbon nanotube (31) and grown into a longer 
tube.  If this can be accomplished, nitroethylene would be used in both the synthesis and growth 
of a bowl, making it a truly unique reagent. 
 
In addition to vinyl substituents, attempts were made on using PAHs tethered so that the olefinic 
bonds would align into s-cis dienes (Scheme 4.12).  It was thought that this method could be a 
Scheme 4.11:  Application of nitroethylene for the synthesis of benzo-substituted corannulenes 
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fast way of generating helicenes, without going through a stilbene precursor.  None of these 
attempts were successful, likely due to the inability of the molecules to reach planarity and react.  
The steric encumbrance of the peri-hydrogens increases the energetic barrier to reach planarity.  
Both 1,1′-binaphthyl (81) and 9,9′-biphenanthryl (82) were reacted with nitroethylene, but no 
conversion was observed to either helicene product (83 or 84). 
 
 
4.2.6: Addition of Benzyne into Bay-regions: Exploring Even More Reactive Dienophiles 
 
In developing reagents for growing nanotubes, some two-step approaches were considered if their 
benefits would outweigh the need for a two-step process.  One of these dienophiles was benzyne.  
Benzyne addition to a growing nanotube would add six carbons with each addition.  The very 
reactive dienophile could add one layer of benzene rings around the rim in one part of the growth 
cycle, then some reaction would be required to close all of the 5-helicene “fjord” regions (A) 
between the new rings to form bay-regions in the second step (B, Scheme 4.13).  Though this 
two-step mechanism is not ideal, it could possibly be exploited to allow specific control of 











nanotube length.  Under sufficiently high energy conditions, the thermal cyclodehydrogenation of 
A to B may be able to restore the rim to an armchair in one step and permit the continuation of 
growth. 
 
To investigate the utility of benzyne reagents for this reaction, dimesitylbisanthene (10) was again 
used as a diene.  Benzyne was generated by either the fluoride-induced elimination of 
trimethylsilylfluoride and triflate from 2-(trimethylsilyl)phenyl trifluoromethylsulfonate (85) or 
by the thermal elimination of nitrogen and carbon dioxide from benzenediazonium carboxylate 
(86, Scheme 4.14).  Both reactions resulted in multiple additions to bisanthene 10, but the 
fluoride induced generation was distinctly easier to handle, due to the explosion hazard inherent 
in the rapid release of gas from 86.  Yields up to 52% of the di-addition/rearomatization product 
(87) were observed for the reaction.  The addition of benzyne to perylene (1) has been 
demonstrated previously,11 but it only adds to one side generating naphtho[1,2,3,4-ghi]perylene 
(88) with no other additions.  This reaction was also attempted with the fluoride-induced 
production of benzyne, and resulted in the same product as the literature (88) in 45% yield. 
 








Up to six additions to 10 were observed by mass spectrometry under pressing conditions and 
were likely achieved due to the continued generation of new bay-regions upon rearomatization 
(Figure 4.3).  Close inspection of the masses indicates that rearomatization by loss of 2H after 
benzyne adds does not always occur after the later additions under the conditions used.  If this 
process could continue indefinitely, a graphene sheet resembling a bow-tie could be formed; if 
the starting structure were properly designed, defect-free graphene sheets may be possible.  This 




























Bearing in mind the energetic barriers for the cycloaddition/rearomatization strategy,* dienophiles 
discussed in this chapter were designed to be very reactive to overcome the high activation 
energies for addition. These reagents have demonstrated their reactivity in transforming small 
PAH bay-regions into new benzene rings multiple times on the same substrate in excellent yields.  
 
As nanotubes grow in length, the energetic cost for addition should decrease, and therefore, less 
reactive dienophiles could be utilized. There is potential for initiating growth with a reagent such 
as nitroethylene (67) and then replacing it with acetylene once the nanotube is long enough.   
                                               
 
*











Figure 4.3: DART MS of multiple benzyne additions to 10 beyond the predicted two. The 
molecular ions listed in the table correspond to the masses predicted if two hydrogens were lost 
after each benzyne addition. 
95 
 
One potential pitfall of the increasing length of nanotubes will be the rapid decrease in solubility.  
Though the elongated structures may fall out of solution, it is likely that the termini will still be 
exposed to solution and, therefore, also to reagents such as nitroethylene (67).  If, however, 
reactions at the solid-liquid interface cease to function, other potential methods for growing 
nanotubes with a cycloaddition/rearomatization pathway might be possible.  These reactions, 
involving gas phase chemistry, have been investigated and are discussed in Chapter 5. 
 
4.4 Experimental Procedures: 
 
4.4.1: General Experimental 
 
All commercially available chemicals were used without purification unless otherwise noted.  
Dry solvents were obtained from a Glass Contour solvent purification system. NMR spectra were 
taken in the Boston College Nuclear Magnetic Resonance Center on various Varian instruments.  
NMR shifts are referenced in ppm downfield from TMS, using chloroform-d1 (δH = 7.26 ppm, δC 
= 77.23 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 6.00 ppm, δC = 73.78 ppm) as standard 
references unless otherwise noted. Chromatography was performed with Sorbent Technologies or 
Zeochem silica gel (porosity = 60 Å, particle size = 32-63 or 40-63 µm respectively), and 
preparative TLC was performed on 20 cm × 20 cm Analtech silica GF uniplates. Mass 
spectrometry was carried out in the Boston College Mass Spectrometry Center and consisted of 
various ionization sources for TOF spectrometers including ESI, DART, and AP-MALDI in 
either positive or negative ion modes.  Infrared spectrometry (IR) was run on a Nicolet Avatar 
360 FT-IR spectrophotometer. X-ray crystallography was performed at the Boston College X-ray 
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Crystallography Center on a Siemens 3-circle geometry platform diffractometer with a Bruker 
APEX CCD area detector equipped with a molybdenum source. 
 
4.4.2: 7,14-Dimesitylovalene (60) from Cycloaddition of 7,14-dimesitylbisanthene (10) and 
Nitroethylene (67) (generated in situ from 2-nitroethanol)  
 
To a flame dried 15 mL pressure vessel under nitrogen, 50.2 mg (0.085 mmol) of 7,14-bis(2,4,6-
trimethylphenyl)bisanthene 10 are added, followed by 300 µL (388 mg, 4.25 mmol) of 2-
nitroethanol and dry toluene (6 mL) by syringe. The liquid is degassed by several 
freeze/pump/thaw cycles with nitrogen, and 650.3 mg (4.39 mmol) of phthalic anhydride are 
added. The vessel is sealed with a screw-top cap and placed in an oil bath at 135 ºC. The color 
changes from blue to purple and finally to burgundy within a few hours, but the reaction is 
allowed to run for 1 day.  After the reaction mixture is allowed to cool, the seal is broken, and the 
mixture is concentrated to dryness under reduced pressure. The crude residue is dissolved in 
dichloromethane and washed with 10% NaOH solution until the aqueous phase is clear, followed 
by several water washes.  The organic layer is concentrated to dryness under reduced pressure. 
The remaining solid is taken up in ethanol and filtered to leave 26.5 mg of pure 7,14-
dimesitylovalene 60 as a burgundy solid in 49% yield.  Additional product can be obtained by 
chromatography of the filtrate on a silica column with 10% dichloromethane in hexanes, resulting 
in an additional 18.8 mg for a combined 84% yield.  
 
mp (sealed tube) decomposes 468 ºC; 1H NMR (500 MHz, C2D2Cl4) δ ppm 9.29 (s, 4H), 9.02 (d, 
J = 9.0 Hz, 4H), 8.76 (d, J = 9.0 Hz, 4H), 7.38 (s, 4H), 2.67 (s, 6H), 1.89 (s, 12H); 13C NMR 
(125 MHz, C2D2Cl4) δ ppm 138.1, 137.5, 135.3, 134.2, 128.6, 128.5, 127.9, 127.8, 127.2, 125.5, 
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125.4, 121.9, 120.4, 21.5, 20.4;  UV-vis (CH2Cl2) λmax (ε, cm-1 M-1) 230 (37400), 340 (sh, 22800), 
320 (15800), 334 (33500), 350 (75300), 388 (2000), 410 (4200), 466 (24000); HRMS (DART) 
calc. for C50H35 [M+1]+ 635.2738, found 635.2722. 
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4.4.3: 7,14-Dimesitylovalene (60) from Cycloaddition of 7,14-dimesitylbisanthene (10) and 
Nitroethylene (67) (freshly distilled) 
 
Several reactions were run with excess distilled nitroethylene 67.* After 24 h, the starting material 
had all been consumed in every case, but mixtures of the mono- and di-addition products were 
always obtained.  The conversion to 60 did not go to completion. Two representative experiments 
are described here. 
 
Sealed pressure vessel  
Freshly distilled nitroethylene 67 (110 µL, 1.61 mmol) was added to 19.6 mg (0.033 mmol) of 
7,14-bis(2,4,6-trimethylphenyl)bisanthene (10) and 1 mL of toluene in a 15 mL flame dried 
pressure vessel.  The vessel was sealed and heated at 135 ºC for 24 h.  After the reaction mixture 
was cooled to room temperature, it was concentrated to dryness under reduced pressure. The 
resulting solid was taken up in ethanol, and the mixture was filtered. NMR analysis of the solid 
product showed both the mono-adduct 59 and the di-adduct 60 in a ratio of 0.8:1.0, respectively. 
 
Slow addition.  
To a solution of 19.8 mg (0.034 mmol) of 7,14-bis(2,4,6-trimethylphenyl)bisanthene (10) in 2 mL 
of degassed o-dichlorobenzene at 135 ºC in a flame dried 5 mL 2-necked round bottom flask, 345 
µL of a 4.9 M solution of nitroethylene (67) in toluene (1.7 mmol) was added by a syringe pump 
over a 24 h period at a rate of 14 µL/h.  After 24 h, a 0.1 mL aliquot was removed and diluted 
with 1,1,2,2-tetrachloroethane-d2. NMR analysis of this solution showed both the mono-adduct 
59 and the di-adduct 60 in a ratio of 2.0:1.0, respectively. 
                                               
 
*




4.4.4: 7,14-Dimesitylovalene (60) from Cycloaddition of 7,14-Dimesitylbisanthene (10) and 
Nitroethyl Acetate 
 
To a 15 mL flame dried pressure vessel, 2 mL of degassed o-dichlorobenzene, 25 mg (0.43 
mmol) of dimesitylbisanthene (10), and 230 µL (2.13 mmol) of nitroethyl acetate* were added, 
and the reaction was sealed and brought to 140 ºC for 1d.  After 1d a 50 µL aliquot was taken for 
NMR analysis, and the reaction was again placed in the oil bath for an additional day.  An 
additional 50 µL aliquot was taken and analyzed by NMR before the reaction was concentrated to 
dryness, taken up in ethanol and filtered to give 41.7 mg of brown solid (157% yield by mass).  
The solid was again filtered from ethanol to give 18.3 mg (67%) of a red/orange solid that is 
product 60 by NMR. The spectroscopic properties of the product matched those of the material 
prepared by the nitroethylene (67) Diels-Alder reaction. 
 
4.4.5: 7,14-Dimesitylovalene (60) from Cycloaddition of 7,14-Dimesitylbisanthene (10) and 
Phenyl Vinyl Sulfoxide (54) 
 
To a flame dried 5 mL round bottom flask under nitrogen, 24.2 mg (0.041 mmol) of 7,14-
bis(2,4,6-trimethylphenyl)bisanthene (10) was added, followed by 0.50 mL (0.58 g, 3.7 mmol) of 
phenyl vinyl sulfoxide by syringe. The reaction mixture was brought to 155 ºC and allowed to stir 
for 3 d, after which another 0.5 mL of phenyl vinyl sulfoxide was added, and the reaction was 
continued at 155 ºC for an additional 3 d.  The crude reaction mixture was taken up in ethanol and 
                                               
 
*
 Nitroethyl acetate was made on a 4 mL (57.4 mmol) scale following the procedure found in J. Med Chem. 1979, 22, 63-69.  The process was 
slightly modified to go from 0 ºC to RT overnight rather than 35 ºC to RT.   
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filtered to give 15 mg of solid which was purified by column chromatography with a solvent 
gradient from 10-30% dichloromethane in hexanes to yield 4.3 mg (17% yield) of (60) as a 
yellow solid. The spectroscopic properties of the product matched those of the material prepared 
by the nitroethylene (67) Diels-Alder reaction.  The second compound to elute is the mono-
adduct (59) as an orange/pink band.   
 
mp >300 ºC; 1H NMR (500 MHz, C2D2Cl4) δ ppm 9.13 (d, J = 7.5 Hz, 2H), 8.51 (s, 2H), 8.06 (d, 
J = 9.0 Hz, 2H), 7.99 (t, J = 8.0 Hz, 2H), 7.93 (d, J = 8.0 Hz, 2H), 7.68 (d, J = 9.0 Hz, 2H), 7.22 
(s, 2H), 2.55 (s, 6H), 1.91 (s, 12H); UV-vis (CH2Cl2) λmax (ε, cm-1 M-1) 234 (69500), 254 (37100), 
328 (38200), 334 (sh, 31200), 350 (24800), 478 (7900), 514 (23200), 554 (46300); HRMS 
































































































































4.4.6: Benzo[ghi]perylene (7) from Cycloaddition of Perylene (1) and Nitroethylene (67) 
(generated in situ from nitroethanol) 
 
To a flame dried 15 mL pressure vessel under nitrogen, 75.2 mg (0.30 mmol) of perylene (1) is 
added, followed by 1.10 g (7.42 mmol) of phthalic anhydride and 0.52 mL (672 mg, 7.37 mmol) 
of 2-nitroethanol.  Dry o-dichlorobenzene (9 mL) is added by syringe. The vessel is sealed with a 
screw-top cap and placed in an oil bath at 175 ºC for 4 d.  After the reaction mixture is allowed to 
cool, the seal is broken; the reaction mixture is then diluted with 100 mL of toluene and filtered. 
The filtrate is concentrated to dryness under reduced pressure. The residue is taken up in ethanol 
and filtered to leave 128.0 mg of orange solid. Both the solid and the filtrate contain 7, according 
to NMR spectroscopic analysis.  The orange solid and the residue obtained by evaporation of the 
solvent from the filtrate were separately chromatographed on silica using 20% dichloromethane 
in hexanes as eluant.  A bright yellow band containing only starting material (1) and product 7 
elutes first. NMR analysis indicates that the overall yield of benzo[ghi]perylene (7) is 58%.* The 
spectroscopic properties of 7 matched those of the literature.12 
 
4.4.7: Benzo[ghi]perylene (7) from Cycloaddition of Perylene (1) and Phenyl Vinyl Sulfoxide 
(54) 
 
To a flame dried 25 mL round bottom flask under nitrogen, 49.6 mg (0.20 mmol) of perylene (1) 
was added, followed by 2.0 mL (2.3 g, 16 mmol) of phenyl vinyl sulfoxide by syringe. The 
reaction mixture was brought to 155 ºC, and aliquots of 0.2 mL were removed periodically.  The 
aliquots were diluted in 1,1,2,2-tetrachloroethane-d2, and upper limits on the yields were 
                                               
 
*
 Yield calculated from the NMR ratio of products corrected to the mass balance of recovered material. 
107 
 
determined by integration of the NMR spectra [7/(7+1)].  After 1 d and 4 d, the yield of 
benzo[ghi]perylene (7) calculated in this manner was ~ 2% and 8%, respectively.  Longer 
reaction times resulted in such extensive polymerization/decomposition of the phenyl vinyl 
sulfoxide so that integration could not be performed with any confidence.   
 




In a flame dried 100 mL pressure vessel, 98.1 mg (0.55 mmol) of anthracene, 990 mL (14.0 
mmol) of 2-nitroethanol, and 2.05 g (13.8 mmol) of phthalic anhydride were added, followed by 
20 mL of toluene.  The vessel was sealed and placed in an oil bath at 135 ºC for 2d.  
Approximately 100 mL of toluene was added to the reaction mixture, and this was washed with 2 
× 200 mL 10% sodium hydroxide solution followed by 2 × 200 mL water.  The organic layer was 
concentrated under vacuum to give a brown oil.  This material was purified using preparative 
silica TLC using 20% dichloromethane in hexanes as eluant to give 20.2 mg (15% yield) of 73. 
The spectroscopic properties matched those found in the literature.10 
 
Thermal Stability: 
In an NMR tube, a solution of 9,10-dihydro-11-nitro-9,10-ethanoanthracene (73) in 1,1,2,2-
tetrachloroethane-d2 (~ 0.04 M) was brought to a temperature between 130 and 135 ºC by 
immersion in a test tube of o-dichlorobenzene immersed an oil bath. The NMR tube was removed 
                                               
 
*
 Early synthesis of 73 can be found in J. Org. Chem. 1955, 20, 650-656. 
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intermittently to monitor for changes by NMR.  No change was observed over a period of 39 
hours, at which time, the experiment was terminated. 
 
4.4.9: Reaction Rate Data for Cycloaddition of Diphenylisobenzofuran (68) with Nitroethylene 
(67) (freshly distilled) 
 
To an NMR tube were added 0.6 mL of a 8.35×10-4 M solution of 1,3-diphenylisobenzofuran (68) 
and 50 µL of a 3.67×10-2 M solution of 1,3,5-trimethoxybenzene (internal standard) in 1,1,2,2-
tetrachloroethane-d2.  The reaction was followed at room temperature by NMR spectroscopy, 
beginning from the addition of 30.9 µL of a 0.16 M solution of nitroethylene (67) in 1,1,2,2-
tetrachloroethane-d2 (10 equiv). The results are summarized below. 
 
Time (s)   Product (%) 
 39 32% 
 86 54% 
 133 69% 
 180 79% 
 227 86% 
 274 93% 






4.4.10: Reaction Rate Data for Cycloaddition of Diphenylisobenzofuran (68) with Phenyl Vinyl 
Sulfoxide (54)  
 
To an NMR tube were added 0.6 mL of a 8.35×10-4 M solution of 1,3-diphenylisobenzofuran (68) 
and 50 µL of a 3.67×10-2 M solution of 1,3,5-trimethoxybenzene (internal standard) in 1,1,2,2-
tetrachloroethane-d2.  The reaction was followed by NMR spectroscopy, beginning from the 
addition of 33.2 µL of a 0.15 M solution of phenyl vinyl sulfoxide (54) in 1,1,2,2-
tetrachloroethane-d2 (10 equiv).  The NMR tube was immersed in a test tube of o-
dichlorobenzene immersed an oil bath at 100 ºC and was removed and quickly cooled before 
taking each NMR spectrum. The results are summarized below. 
Time (min)   Product (%) 
 0 0% 
 30 30% 
 47 38% 
 58 43% 
 85 54% 
 112 69% 
 149 79% 







4.4.11: Reaction Rate Data for Cycloaddition of Diphenylisobenzofuran (68) with Dimethyl 
Acetylenedicarboxylate (69) 
 
To an NMR tube were added 0.6 mL of a 8.35×10-4 M solution of 1,3-diphenylisobenzofuran (68) 
and 50 µL of a 3.67×10-2 M solution of 1,3,5-trimethoxybenzene (internal standard) in 1,1,2,2-
tetrachloroethane-d2.  The reaction was followed at room temperature by NMR spectroscopy, 
beginning from the addition of 28.3 µL of a 0.18 M solution of dimethyl acetylenedicarboxylate 
(69) in 1,1,2,2-tetrachloroethane-d2 (10 equiv). The results are summarized below. 
 
Time (min)   Product (%) 
 2 5% 
 5 6% 
 7 14% 
 9 12% 
 11 17% 
 13 19% 
 14 19% 
 16 20% 
 18 23% 
 20 23% 
 31 36% 
 32 34% 
 34 38% 
 36 40% 
 37 41% 
 39 42% 
 41 41% 
 43 45% 
 44 45% 
 45 46% 
 46 47% 
 56 52% 
 58 51% 
 60 52% 
 62 54% 
 64 55% 
 67 56% 
 69 56% 
 71 57% 
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 73 58% 
 
 
4.4.12: Synthesis of 9-Vinylphenanthrene (75) 
 
To a flame dried 150 mL pressure vessel, a 4:4:1 mixture of toluene:ethanol:water totaling 45 mL 
was added, followed by 400.9 mg (1.56 mmol) of 9-bromophenanthrene and 648.2 mg (4.69 
mmol) of potassium carbonate, and the reaction mixture was degassed with nitrogen for 15 min.  
To this solution, 395 µL (2.33 mmol) of vinylpincacolborane and 89.9 mg (0.077 mmol) of 
tetrakis(triphenylphosphene)palladium (0) were added, and the reaction mixture was sealed and 
placed in a 100 ºC oil bath for 3d.  The mixture was run through a silica plug with ether and 
concentrated to dryness under vacuum.  The product was purified on a silica gel column using 
hexanes as eluant to give 209.8 mg (66% yield) of clean 9-vinylphenanthrene (75).  The spectral 
properties of the product matched those of the literature.13 
 
4.4.13: Reaction of 9-Vinylphenanthrene (75) with Nitroethylene (67) 
 
To a flame dried 15 mL pressure vessel, 27.3 mg (0.013 mmol) of 9-vinylphenanthrene (75), 370 
mg (2.50 mmol) of phthalic anhydride, and 170 µL (2.44 mmol) of 2-nitroethanol were added.  
The vessel was sealed and placed in a 140 ºC oil bath overnight.  The vessel was cooled, and a 
small sample was taken for TLC.  Starting material was still visible, and the reaction mixture was 
placed back in the oil bath for an additional day.  The crude reaction mixture was run through a 
silica plug with dichloromethane, concentrated under vacuum, and purified on a preparative silica 
TLC plate using 10% dichloromethane in hexanes as eluant resulting in 3.3 mg (12%) of clean 
triphenylene ($-6). The spectroscopic properties of $-6 matched those of an authentic sample. 
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4.4.14: Synthesis of 7,14-Di(2,4,5-trimethylphenyl)-[d,o]-dibenzoovalene (87) from 2-
(Trimethylsilyl)phenyl Trifluoromethylsulfonate (85) 
 
To a flame dried 50 mL two-necked round bottom flask equipped with a reflux condenser and 
under nitrogen, 20 mg (0.034 mmol) of 7,14-di(2,4,5-trimethylphenyl)bisanthene (10) and 1.07 g 
(3.40 mmol) of tetrabutylammonium fluoride trihydrate (TBAF) was added followed by 20 mL of 
dry toluene. The reaction mixture was then heated to reflux. To this reaction mixture, 0.8 µL 
(3.41 mmol) of 2-(trimethylsilyl)phenyl trifluoromethylsulfonate (85) were added dropwise via 
syringe at the rate of approximately 2 mL/hour.  Upon addition, the reaction was allowed to 
continue to reflux for 2 hours.  Once cooled, the mixture was washed with 3 × 300 mL H2O.  The 
toluene was then removed under reduced pressure, and the remaining solid was taken up in 
ethanol and filtered to yield a deep red-brown solid 13.1 mg (52%) as well as an orange filtrate.   
  
mp (sealed tube) darkens to black from 215-400 ºC;  1H NMR (400 MHz, 1:1 C2D2Cl4: CS2) δ 
ppm 9.69 (d, J = 9.2 Hz, 4H), 9.61 (AA′ of AA′BB′, 4H), 8.70 (d, J = 9.2 Hz, 4H), 8.23 (BB′ of 
AA′BB′, 4H), 7.39 (s, 4H), 2.71 (s, 6H), 2.01 (s, 12H); UV-vis (CH2Cl2) λmax (ε, cm-1 M-1) 234 
(87100), 246 (84900), 266 (sh, 51300), 300 (20600), 312 (25100), 336 (sh, 25500), 352 (69300), 
370 (186100), 482 (8800), 488 (7700), 518 (20600), 558 (38300), 656 (9500); HRMS (DART) 
calc. for C58H39 (M+1)+ 735.30518, found 735.30564 
 
The reaction was run with 20 equiv. of 85 and allowed to stir overnight and DART MS indicated 

















































































































4.4.15: Synthesis of Naphtho[1,2,3,4-ghi]perylene (88) from 2-(Trimethylsilyl)phenyl 
Trifluoromethylsulfonate (85) 
 
To a 50 mL two-necked round bottom flask equipped with a reflux condenser and under nitrogen, 
50 mg (0.20 mmol) of perylene (1) and 1.24 g (3.96 mmol) of tetrabutylammonium fluoride 
trihydrate (TBAF) were added followed by 1 mL of dry toluene.  The reaction mixture was then 
heated to reflux. To this reaction mixture, 0.96 µL (4.0 mmol) of 2-(trimethylsilyl)phenyl 
trifluoromethylsulfonate (85) in 8 mL of toluene were added dropwise via syringe at the rate of 
approximately 8 mL/hour.  Upon addition, the reaction was allowed to continue to reflux for 1.5 
hours.  Once cooled, the mixture was diluted with DCM and washed with 3 × 300 mL H2O.  The 
solvent was then removed under reduced pressure, and the remaining solid was taken up in 
ethanol and filtered to yield a yellow solid 28.8 mg (45%) as well as an orange filtrate.  The 
spectroscopic properties of 88 matched those found in the literature.14 
 
4.4.16: Details of the Calculations for the Diels-Alder Cycloadditions of Various Dienophiles to 
Cyclopentadiene (51) in Figure 4.1; X,Y,Z Coordinates of All Starting Materials and Transition 
States (TS) Can be Found in Appendix A.3.1 
 
All calculations were performed at the AM1 level except that of phenylvinyl selenoxide (66) 
which used PM3 to accommodate selenium.  All calculations employed the programs in 
Spartan.15 Complete vibrational analyses were performed to confirm that all starting materials 
have no imaginary frequencies and that all transition states have one imaginary frequency. For 
chiral or stereogenic dienophiles, all possible conformers and stereochemistry of transition states 
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were screened and the lowest energy transition state is presented below.  The results were not 
zero point energy corrected.*   
 
 
4.4.17: Details of the Calculations for the Diels-Alder Cycloadditions of Various Dienophiles to 
Cyclopentadiene (51) and Perylene (1) in Table 4.1; X,Y,Z Coordinates of All Starting Materials 
and Transition States (TS) Can be Found in Appendix A.3.2 
 
All calculations were performed using density functional theory at the B3LYP/6-31G* level, 
employing the programs in Spartan. Complete vibrational analyses were performed to confirm 
that all starting materials have no imaginary frequencies and that all transition states have one 
imaginary frequency. 
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Chapter 5: A Potential Solvent Free Approach to Growing Carbon Nanotubes 
 
5.1 Introduction: Special Considerations Regarding Elongated Nanotubes 
 
As templates for nanotube growth become available and the methods developed for growth are 
attempted,* it is likely that many new discoveries regarding nanotube reactivity will be uncovered 
in the process of specifically controlling the growth.  Though these new revelations and hurdles 
cannot be anticipated until the reactions are tried, there is currently a great wealth of knowledge 
regarding nanotube and polycyclic aromatic hydrocarbon (PAH) bulk properties.1  The behavior 
of carbon nanotubes and PAHs can help to predict some challenges due to be faced by the 
scientist working on developing this process.   
 
As discussed in depth in Chapter 3, the electronic properties of carbon nanotubes are likely to 
change based on their size.  Length holds the greatest implications for advancing the growth 
process.  From a small molecule template, significant energetic cost must be overcome for the 
first several iterations of growth by the Diels-Alder cycloaddition/rearomatization strategy; 
however, as the length increases toward infinity, the energy for addition should find some average 
value.  This electronic property could be exploited by changing the dienophile to a more benign 
or economical feedstock, even one less reactive than nitroethylene (67). 
 
With increased length, however, solubility will likely decrease significantly. This bulk property 
of carbon nanotubes is also apparent in large PAHs.2 This problem will likely be difficult to 
address when nanotubes are grown on an industrial scale.  Solution phase processing would be 
                                               
 
*
 See Chapter 1 and 4 for descriptions regarding nanotube templates and proposed growth methodology. 
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ideal, but maintaining solubility of large nanotubes would be difficult.  Exotic solvents or 
sidewall modification would be common fixes for the problem; however, these two courses of 
action are less than desirable.  Changing solvents can be expensive, both in cost and disposal.  
Sidewall modification could change the electronics and affect the entire growth mechanism.  
Therefore, an alternative approach would be the development of new methods capable of growing 
nanotubes at a solid-gas interface, in the absence of solvents. 
 
5.2: Results and Discussion 
 
5.2.1: Exploiting the Electronic Properties of Growing Nanotubes  
 
The calculated activation energies for the first several iterations of growth of a [5,5] carbon 
nanotube by a Diels-Alder cycloaddition/rearomatization strategy vary over a range of nearly 10 
kcal/mol and approach an upper value of nearly 58 kcal/mol.3,* Though increasing the diameter 
will likely lower the overall activation energy, the periodicity based on length is likely to continue 
with only a slowly diminishing amplitude (See Figure 3.6).  Nitroethylene (67) and benzyne are 
well suited to address this issue.† In the long run, however, these feedstocks are not ideal to grow 
nanotubes for hundreds, thousands, or even millions of iterations.  Nitroethylene produces one 
equivalent of HONO per addition and one equivalent of phthalic acid if generated in situ.  
Benzyne, generated from 2-(trimethylsilyl)phenyl trifluoromethylsulfonate (85), produces both an 
equivalent of trimethylsilylfluoride and triflate along with the counterion for the original fluoride.  
Acetylene would be an ideal dienophile, resulting in hydrogen as the only byproduct of the 
reaction (Scheme 5.1).  Despite being a notoriously unreactive dienophile, the benefits of 
                                               
 
*
 See Chapter 3 for exact numbers and a detailed description of the calculations 
†
 See Chapter 4  
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5.2.2: Theoretical Considerations of Acetylene Reagent for Nanotube Growth 
 
To this point, acetylene was used for simplifying the concepts discussed and for simplifying the 
calculations on large systems.  In the course of those calculations, however, it was noted that the 
activation energies for acetylene Diels-Alder reactions were not much higher than those for some 
of the other dienophiles being studied, phenylvinyl sulfoxide (54, Figure 5.1) in particular.   
When comparing Diels-Alder reactions with cyclopentadiene (51), dienophiles such as 
phenylvinyl sulfoxide (PVS) and nitroethylene (67) are significantly more reactive, -2.5 and -9.2 
kcal/mol respectively.  By changing the diene to systems more suitable for modeling nanotube 
growth, namely perylene (1) and bisanthene (2), the benefits of the complex dienophiles decrease 
significantly.  For bisanthene 2, PVS is only 0.9 kcal/mol more reactive than acetylene, and even 
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PVS is capable of adding to dimesitylbisanthene 10 twice in about 16% yield.  This prompted the 
experimental investigation into the use of acetylene gas as a dienophile for nanotube growth. 
 
5.2.3: Acetylene Gas as a Dienophile for Nanotube Growth 
 
Because of the explosive nature of acetylene in its gaseous form (spontaneously combusting at 
pressures over 2 atm)4 it was decided that experiments would be run in a temperature and pressure 
controlled vessel.  This was accomplished by using an Endeavor Catalyst Screening System from 
Biotage.5  With this instrument an acetylene tank could be piped directly into a controlled 
manifold and up to eight reaction vessels at different temperatures at the same time.  Pressure, 
temperature, and gas uptake can be monitored throughout the course of the reaction, and 
experiments can be designed to cycle both reactive and inert gasses at will.   
 
Acetylene also has unique solubility characteristics and tends to be more soluble in polar 
solvents, especially those capable of hydrogen bonding.6  Because of this, several different 
solvents were screened for the addition of acetylene to dimesitylbisanthene (10, Scheme 5.2).  It 
Figure 5.1: Comparison of Diels-Alder activation energies (B3LYP/6-31G*) 
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was a concern that a solvent such as toluene, in which acetylene is sparingly soluble, would have 
even less dissolved acetylene at elevated temperatures.  It was exciting to discover that this 
cycloaddition did produce mono-addition product 59.  The results of these experiments are 
summarized in Figure 5.2. 
 
 
Scheme 5.2: Cycloaddition/rearomatization of acetylene to dimesitylbisanthene (10) 























The best results for the reaction were seen in dimethylformamide (DMF) at 140 ºC over the 
course of 48 h, which produced the mono-addition product (59) in 21% conversion.*  Success 
with these conditions is likely due to the increased solubility of acetylene in the solvent6 as well 
as the higher boiling point. DMF allows more acetylene to be in contact with the 
dimesitylbisanthene (10) throughout the course of the reaction.  The fact that no di-addition 
product was seen suggests that the upper limit of acetylene’s reactivity is near that of the first 
bisanthene addition, described in Chapter 2.  As discussed in Chapter 3, however, bowls such as 
the [10,10] carbon nanotube end-cap target are likely to undergo Diels-Alder cycloadditions with 
a comparable activation energy. This suggests significant potential for switching masked 
acetylenes for molecular acetylene, once the nanotube is sufficiently elongated. 
 
5.2.4: Addressing Issues of Solubility in Growing Nanotubes  
  
The insolubility of carbon nanotubes has long been an issue for chemists and engineers.  This 
problem has implications in the maximum length of nanotubes generated by chemical vapor 
deposition (CVD) processes.7 Insoluble materials also add to difficulties in separation and 
functionalization of products.8  It is, therefore, likely that solubility will be a significant problem 
when trying to grow carbon nanotubes in a method akin to a living polymerization.9  Though 
acetylene may serve as a suitable gas-phase or solution- phase replacement for masked acetylenes 
(vide supra), its volatile nature may prevent the widespread application of the small molecule in 
nanotube synthesis.  An alternative gas-phase reagent could be benzyne, which could add six 
carbons at a time.  In addition, conditions required for its gas-phase generation, may even allow 
                                               
 
*
 There is still a significant amount of starting material remaining, see the experimental section for more reaction details. 
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for spontaneous cyclodehydrogenation, eliminating the need for a two step process.*  For this 
reason, the Diels-Alder cycloaddition of benzyne in the gas phase was investigated using the tools 
and techniques of Flash Vacuum Pyrolysis (FVP). 
 
5.2.5: Gas-Phase Generation and Reactions of Benzyne 
 
The generation of benzyne is not limited to solution phase methods.†  In fact, with the proper 
apparatus, the formal byproducts can be as benign as those produced with acetylene (Scheme 
5.1).   In a flash vacuum pyrolysis (FVP) apparatus (Figure 5.3), phthalic anhydride can be placed 
in the sublimation oven and promoted into the gas-phase where bonds are cleaved in the hot zone 
oven to produce carbon dioxide, carbon monoxide, and benzyne (Scheme 5.3).  
  
 
                                               
 
*
 See Chapter 4 for details of proposed benzyne growth of carbon nanotubes. 
†
 See Scheme 5.1 or Chapter 4 for discussion of benzyne generation in solution. 
Scheme 5.3: Gas-phase generation of benzyne by FVP 
Figure 5.3: Flash Vacuum Pyrolysis apparatus used for generating gas-phase benzyne 
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Initially, phthalic anhydride was homogeneously mixed with the desired diene by ball-milling the 
solids together and placing them in the quartz boat for the sublimation oven.  When the ovens had 
reached temperature, the boat was moved quickly into the oven so that both materials sublimed 
simultaneously.  The pyrolysate was then analyzed by NMR for product.  This method was 
performed with both perylene (1) and anthracene (46) in an attempt to synthesize 
naphtho[1,2,3,4-ghi]perylene (88) and triptycene (89) (Scheme 5.4). Product 88 can be isolated 
from the pyrolysate in 5% yield, but triptycene is only seen by 1H NMR and MS in trace amounts.  
 
This method, although a successful proof of principle, would likely be insufficient for use on 
nanotubes.  In addition to insolubility with increased length, the molecules would not be able to 
sublime due to their increased molecular weight.  Instead, the nanotubes may need to be solid 
supported and exposed to a stream of benzyne in the hot zone or leaving the hot zone.  To model 
this, anthracene (46) was impregnated on filter paper by evaporation from solvent and placed 
immediately exiting the hot zone.  Phthalic anhydride was sublimed and pyrolyzed independently 
so that the benzyne would be produced in high concentrations as it came out of the ovens.  The 
reaction setup can be seen in Figure 5.4.  Though preliminary results do not detect the triptycene 
(89) product, this could be due to the crude method of surface coating.  Side products of benzyne 


















production, oligomers of the benzyne such as biphenylene and triphenylene, are the main 
compounds identifiable by NMR and Mass Spectrometry. A larger surface area with a thinner 
anthracene layer may be better suited for reaction; however, such an arrangement is difficult with 





Overcoming problems related to insolubility will be increasingly important as the 
cycloaddition/rearomatization method of nanotube growth matures.  From a proof of principle 
standpoint, it has been shown that these challenges can likely be overcome.  Acetylene, though an 
unreactive dienophile under normal circumstances, has been shown to undergo cycloaddition at 
relatively low temperatures and pressures in solution, given the proper solvent and diene.  This 
finding suggests that a nanotube of the proper dimensions could have a low enough activation 
energy to facilitate switching from very reactive dienophiles to acetylene as a feedstock, thus 
reducing waste and expense significantly.  Also, a gas-phase method of benzyne cycloaddition 
has been employed and observed to form new benzene rings, albeit in low yields.  Given proper 
engineering and surface mounting of molecules, this method may be applicable to the growth of 
Anthracene Coated Filter Paper 
Figure 5.4: Setup for gas-phase reaction of benzyne on a solid supported diene 
127 
 
nanotubes and PAHs.  A gas-phase elongation of nanotubes may also be possible with acetylene, 
but the hazards involved have deterred investigation at this point. 
 
5.4: Experimental Section 
 
5.4.1: General Experimental 
 
All commercially available chemicals were used without purification unless otherwise noted.  
Dry solvents were obtained from a Glass Contour solvent purification system. NMR spectra were 
taken in the Boston College Nuclear Magnetic Resonance Center on various Varian instruments.  
NMR shifts are referenced in ppm downfield from TMS, using chloroform-d1 (δH = 7.26 ppm, δC 
= 77.23 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 6.00 ppm, δC = 73.78 ppm) as standard 
references unless otherwise noted. Chromatography was performed with Sorbent Technologies or 
Zeochem silica gel (porosity = 60 Å, particle size = 32-63 or 40-63 µm respectively), and 
preparative TLC was performed on 20 cm × 20 cm Analtech silica GF uniplates. Mass 
spectrometry was carried out in the Boston College Mass Spectrometry Center and consisted of 
various ionization sources for TOF spectrometers including ESI, DART, and AP-MALDI in 
either positive or negative ion modes.  The acetylene experiments were run on an Endeavor 








5.4.2: Synthesis of 5,12-Bis(2,4,6-trimethylphenyl)-benzo[ijk]bisanthene ($8) with Acetylene  
 
To an Endeavor glass reaction vessel, dried in a dessicator, was added approximately 10 mg 
(0.017 mmol) of dimesitylbisanthene (10).  The vessel was sealed in the apparatus and purged by 
nitrogen twice. Via syringe port, 2 to 6 mL of solvent that was previously freeze degassed in a 
flame dried pear-shaped flask was added.  The reaction was controlled by a pre-programmed 
reaction scheme according to the following general sequence.  
 
Step 1: Vessels pressurized to 1 atm + 10 psi with acetylene while stirring for 1 minute to saturate 
the solvent then vented to 1 atm of acetylene atmosphere.  This was repeated two times.  
Step 2: Vessels were vented once more to ensure 1 atm of acetylene atmosphere prior to heating. 
Step 3: Vessels were stirred while the temperature increased to 45 ºC. 
Step 4: Stirring was suspended, and the vessels were again vented to reduce the pressure back to 1 
atm of acetylene atmosphere. 
Step 5: Steps 3 and 4 were repeated for temperatures 65, 85, 105, 125, and finally 140 ºC. 
Step 6: Upon reaching 140 ºC, the reaction mixtures were allowed to equilibrate for 10 min while 
stirring.  The vessels were then vented to 1 atm of acetylene atmosphere once again. 
Step 7: The vessels were then pressurized to 1 atm + 12 psi of acetylene and stirred at 140 ºC for 





Upon completion of the reaction, the vessels were cooled and vented, and the solvent was then 
evaporated to dryness under reduced pressure.  The entire reaction mixture was dissolved in 
1,1,2,2-tetrachloroethane-d2 and conversions were determined by ratios of starting material 
signals (10) to product signals (59) in the 1H NMR according to the spectral properties described 
in Chapter 2. 
 
Results using this method but various solvents, volumes, and times are summarized in the table 
below.  A detailed program method for the Endeavor system follows the table. 
 
Program Method for Endeavor Reaction of Acetylene + Dimesitylbisanthene (10) 
RV Volume Volume (mL)   6 
Start Run StartCountMethod AllTogether   
Purge Purge Gas Gas B   
  NumberOfCycles 2   
Pressurize_FillManifold ReactionGas Gas B   
Pressurize_Regulate On/Off   On 
Pressurize_GasPressurize Pressure   10 
Wait For Temperature [C]     
  Pressure   0 
  Timeout   1m 
Stir RPM 700   
Run Until Gas Used     
Solvent Volume Temperature Time Conversion to $-8
toluene 2 mL 105 ºC 24 h 6.0%
toluene 2 mL 120 ºC 24 h 0.8%
o -dichlorobenzene 2 mL 140 ºC 24 h 2.7%
o -dichlorobenzene 2 mL  180 ºC 24 h 8.5%
o -dichlorobenzene 2 mL 140 ºC 48 h 5.0%
o -dichlorobenzene 6 mL 140 ºC 48 h 6.2%
dimethylformamide 6 mL 140 ºC 24 h 7.0%
dimethylacetamide 6 mL 140 ºC 48 h 4.0%
dimethylformamide 6 mL 140 ºC 48 h 21.0%
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  Timeout   10m 
Stir RPM  off   
Purge Purge Gas Gas B   
  NumberOfCycles 1   
Pressurize_FillManifold ReactionGas Gas B   
Pressurize_Regulate On/Off   Off 
Pressurize_GasPressurize Pressure   0 
Wait For RPM 700   
  Temperature [C]   45 
  Temperature [C]   45 
Stir Pressure     
Run Until Timeout   2h 
  Gas Used     
Stir Timeout   10m 
Purge RPM off   
  Purge Gas Gas B   
  NumberOfCycles 1   
Pressurize_Regulate On/Off   Off 
Pressurize_GasPressurize Pressure   0 
Stir RPM 700   
Heat Temperature [C]   65 
Wait For Temperature [C]   65 
  Pressure     
  Timeout   2h 
Run Until Gas Used     
  Timeout   10m 
Stir RPM off   
Purge Purge Gas Gas B   
  NumberOfCycles 1   
Pressurize_Regulate On/Off   Off 
Pressurize_GasPressurize Pressure   0 
Stir RPM 700   
Heat Temperature [C]   85 
Wait For Temperature [C]   85 
  Pressure     
  Timeout   2h 
Run Until Gas Used     
  Timeout   10m 
Stir RPM off   
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      15m 
Purge Purge Gas Gas B   
  NumberOfCycles 1   
Pressurize_Regulate On/Off   Off 
Pressurize_GasPressurize Pressure   0 
Stir RPM 700   
Heat Temperature [C]   105 
Wait For Temperature [C]   105 
  Pressure     
  Timeout   2h 
Run Until Gas Used     
  Timeout   10m 
Stir RPM off   
  Timeout   15m 
Purge Purge Gas Gas B   
  NumberOfCycles 1   
Pressurize_Regulate On/Off   Off 
Pressurize_GasPressurize Pressure   0 
Stir RPM 700   
Heat Temperature [C]   125 
Wait For Temperature [C]   125 
  Pressure     
  Timeout   2h 
Run Until Gas Used     
  Timeout   10m 
Stir RPM off   
  Timeout   15m 
Purge Purge Gas Gas B   
  NumberOfCycles 1   
Pressurize_Regulate On/Off   Off 
Pressurize_GasPressurize Pressure   0 
Stir RPM 700   
Heat Temperature [C]   140 
Wait For Temperature [C]   140 
  Pressure     
  Timeout   2h 
Run Until Gas Used     
  Timeout   10m 
Stir RPM off   
132 
 
  Timeout   15m 
Purge Purge Gas Gas B   
  NumberOfCycles 1   
Pressurize_Regulate On/Off   Off 
Pressurize_GasPressure Pressure   0 
Stir RPM 700   
Heat Temperature [C]   140 
Wait For Temperature [C]   140 
  Pressure     
  Timeout   2h 
Run Until Gas Used     
  Timeout   1h 
Stir RPM off   
  Timeout   15m 
Purge Purge Gas Gas B   
  NumberOfCycles 1   
Heat Temperature [C]   140 
Wait For Temperature [C]   140 
  Pressure     
  Timeout   2h 
Pressurize_FilManifold ReactionGas Gas B   
Pressurize_Regulate On/Off   On 
Pressurize_GasPressurize Pressure   12 
Wait For Temperature [C]     
  Pressure   0 
  Timeout   15m 
Stir RPM 700   
Run Until Gas Used     
  Timeout   48h 
Cool Temperature [C]   25 
Wait For Temperature [C]   25 
  Pressure     
  Timeout   4h 






5.4.3: Synthesis of Naphtho[1,2,3,4-ghi]perylene (88) by Generation of Benzyne in the Gas Phase 
 
Into two separate ball-milling vessels were split a crude mixture of 200 mg (0.79 mmol) of 
perylene (1) and 1.18 g (8.0 mmol) of phthalic anhydride.  The mixture was milled for 5 min until 
homogeneous.  The material was placed in a quartz boat and inserted into the end of the quartz 
pyrolysis tube.  The system was brought to 484 mTorr, and the ovens were allowed to equilibrate 
at 500 ºC and 1000 ºC for the sublimation and reaction ovens, respectively.  The boat was then 
quickly inserted into the middle of the sublimation oven.  In general, the temperature drops 
approximately 10 ºC, and the pressure goes off-scale for approximately 90 s while the material 
sublimes but quickly returns to sub 1 Torr when finished.  Once the starting materials are fully 
sublimed, the ovens are switched off and allowed to cool. The crude pyrolysate is taken up in 
DCM and filtered to remove large carbonaceous sheets.  Column chromatography on silica gel 
with 10% DCM in hexanes gave 12.6 mg (4.8%) of clean 88 in the third fraction. The spectral 







                                               
 
*
 See Chapter 4 for an alternative synthesis. 
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5.4.4: Synthesis of Triptycene (89) by Generation of Benzyne in the Gas Phase 
 
Co-sublimation: 
Into two separate ball-milling vessels were split a crude mixture of 100 mg (0.56 mmol) of 
anthracene (46) and 1.66 g (11.2 mmol) of phthalic anhydride.  The mixture was milled for 5 min 
until homogeneous.  The material was placed in a quartz boat and inserted into the end of the 
quartz pyrolysis tube.  The system was brought to 533 mTorr, and the ovens were allowed to 
equilibrate at 500 ºC and 1000 ºC for the sublimation and reaction ovens, respectively.  The boat 
was then quickly inserted into the middle of the sublimation oven.  In general, the temperature 
drops approximately 20 ºC, and the pressure goes off-scale for approximately 90 s while the 
material sublimes but quickly returns to sub 1 Torr when finished.  Once the starting materials are 
fully sublimed, the ovens are switched off and allowed to cool. The crude pyrolysate is taken up 
in DCM and filtered to remove large carbonaceous sheets.  1H NMR analysis of the crude product 
mixture shows a singlet, which appears to correspond to the bridgehead hydrogen of 89, although 
it is nearly indiscernible from the baseline.  Mass spectrometry also shows the ion corresponding 
to 89 but as a minor component in a mixture of benzyne coupling products.  
 
Solid Supported: 
To a glass crystallization dish was added 200 mg of anthracene (46) dissolved in dichloromethane 
and a 70 mm diameter filter paper.  The solution was allowed to evaporate and coat the filter 
paper, and it was determined that 68.8 mg (0.38 mmol) of anthracene remained on the solid 
support.  Into the quartz boat was weighed 1.48 g (7.7 mmol) of phthalic anhydride, which was 
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placed in the pyrolysis tube.  The filter paper was placed in the trap immediately following the 
hot zone of the pyrolysis tube.  The system was brought to 548 mTorr, and the ovens were 
allowed to equilibrate at 500 ºC and 1000 ºC for the sublimation and reaction ovens, respectively.  
The boat was then quickly inserted into the middle of the sublimation oven.  In general, the 
temperature drops approximately 20 ºC, and the pressure goes off-scale for approximately 90 s 
while the material sublimes but quickly returns to sub 1 Torr when finished.  Once the starting 
materials are fully sublimed, the ovens are switched off and allowed to cool. The crude pyrolysate 
is taken up in DCM and filtered to remove large carbonaceous sheets.  1H NMR analysis of the 
crude mixture did not show the singlet which corresponds to the bridgehead hydrogen of 89. 
 
5.4.5: Details of the Calculations for the Diels-Alder Cycloadditions in Figure 5.1; X,Y,Z 
Coordinates of All Starting Materials and Transition States (TS) That Have Not Been Covered 
Elsewhere in This Text Can be Found in Appendix A.4. 
 
All calculations were performed using density functional theory at B3LYP/6-31G* level, 
employing the programs in Spartan.10 Complete vibrational analyses were performed to confirm 
that all starting materials have no imaginary frequencies and that all transition states have one 
imaginary frequency. The results were not zero point energy corrected.   
 
                                               
 
1
 (a) Harvey R. G. Polycyclic Aromatic Hydrocarbons Wiley-VCH; New York, 1997 (b) Clar, E. Polycyclic 
Hydrocarbons, Vol 1 & 2; Academic: London, 1964. 
2
 (a) Sivaraman, N.; Dhamodaran, R.; Kaliappan, I.; Srinivasan, T. G.; Vasudeva Rao, P. R.; Mathews, C. 
K. Fullerene Science & Technology 1994, 2, 233-246. (b) Beck, M. T. Pure & Appl. Chem. 1998, 70, 
1881-187. (c) Ghosh, H. N.; Sapre, A. V.; Mittal, J. P. J. Phys. Chem. 1996, 100, 9439-9443. (d) Ruoff, R. 
S.; Tse, D. S.; Malhotra, R.; Lorents, D. C. J. Phys. Chem. 1993, 97, 3379-3383. 
3
 Fort, E. H.; Scott, L. T. J. Mat. Chem.  2010, manuscript in preparation 
4
 (a) Schröder, V.; Holtappels, K. Chem. Ing. Tech. 2009, 81, No. 1-2, 177-181 (b) Lewes, V. B. Acetylene 
a Handbook for the Student and Manufacturer, Macmillan; New York, 1900. 
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Zheng, M.; Jagota, A.; Strano, M. S.; Santos, A. P.; Barone, P.; Chou, S. G.; Diner, B. A.; Dresselhaus, M. 
S.; Mclean, R. S.; Onoa, G. B.; Samsonidze, G. G.; Semke, E. D.; Usrey, M.; Walls, D. J. Science 2003, 
302, 1545-1548. 
9
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Chapter 6: Facile Air Oxidation of Polycyclic Aromatic Hydrocarbon Bay Regions 
 
6.1 Introduction: Potential Barriers to Single Walled Carbon Nanotube Growth 
 
As discussed in chapter 1, a pristine hydrocarbon edge is required for single walled carbon 
nanotube growth by a cycloaddition/rearomatization strategy.  Whether the edge is that of an 
armchair nanotube or a specifically designed chiral nanotube, any interruption that would not 
allow for full conversion to new benzene rings or bay-regions would quickly lead to the cessation 
of the reaction and therefore the nanotube growth.  These interruptions can be structural or a 
result of functionality.  For instance, some architectures on chiral nanotubes, such as cove 
regions, do not allow for continued cycloaddition.  Also, pendant substituents such as halogens or 
hydroxyl groups could halt addition or suspend rearomatization, a straightforward loss of 
hydrogen with pristine edges.  One other detrimental functionality is the result of oxygen addition 
and rearrangement across the edge.  In this case, the functionality not only disrupts the potential 
for addition, but the edge is now incapable of sustained growth.  The potential for the latter was 
discovered when working with bisanthene (10). 
 
6.2 Results and Discussion: 
 
6.2.1: Discovery of 3,4-Dioxo-7,14-bis(2,4,6-trimethylphenyl)bisanthene (90) 
 
While developing the synthetic route to 10 from diol 13, it was observed that certain reaction 
conditions during photolysis resulted in the production of a significant amount of red-brown 
material, which would remain on silica during early purification methods.  The material remained 
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in the loading band despite flushing with excess dichloromethane (DCM); however, this product 
quickly eluted when acetone was used.  This unusual characteristic quickly lead to the isolation of 
3,4-dioxo-7,14-bis(2,4,6-trimethylphenyl)bisanthene (90, Scheme 6.1). 
 
6.2.2: Precedent for Oxidation of Polycyclic Aromatic Hydrocarbons 
 
Oxidation of elongated aromatic systems such as anthracene (46), pentacene (91), and bisanthene 
(2) is not uncommon (Scheme 6.2),1 and initially, it was thought that perhaps the mesityl 
substituents designed to block oxidation were not as effective as envisioned.*  The difference in 
mass between quinone and peroxide would be two mass units, making mass spectral arguments 
difficult.  In addition, unlike most other derivatives of 10 discussed so far, the methyls of the 
mesityl group ortho to the bisanthene core were no longer equivalent in the NMR spectrum of 90, 
suggesting loss of symmetry in the molecule. These signals could result from peroxide formation, 
but more than two signals might be expected for the methyl substituents in question.  This 
inequivalence could also be explained by a twisting of the bisanthene core due to the steric 
                                               
 
*
 For more information regarding the incorporation of mesityl substituents for protecting the central rings of (10) please see Chapter 2. 










repulsion of the quinone oxygens.  Carbon-13 NMR was extremely useful in deciphering the 
nature of the oxidized product, revealing a signal at 186.5 ppm, a shift that corresponds to the 
carbon of a ketone.  All doubt regarding the disputed structure was laid to rest when an X-ray 
quality crystal of 90 was obtained, and the structure after diffraction matched that of a twisted 
bay-region quinone (Figure 6.1).  
 
 
Figure 6.1: X-ray crystal structure of 3,4-dioxo-7,14-bis(2,4,6-trimethylphenyl)bisanthene (90) 
Scheme 6.2: Oxidation of common polycyclic aromatic hydrocarbons 
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6.2.3: Precedent for Bay Region Quinone Formation 
 
Oxidations of this sort are rare but have some precedent.  For instance, perylene (1, Scheme 6.3) 
adsorbed to silica or alumina, when irradiated with ultraviolet light, has been reported to produce 
both 3,10-perylenedione (92) and 1,12-perylenedione (93) in greater than 50% yield.2 This 
photooxygenantion can also occur with non-supported perylene.  Various light sources were used 
to irradiate mono-substituted perylene (94) in chloroform, giving a maximum of 9% conversion 
to a mixture of regioisomers (95 and 96) of the bay-region perylenediones.3 In both of these cases, 
the most likely mechanism of quinone formation is the excitation of the PAH to its singlet excited 
state where the high-energy molecule can then promote ground state oxygen to the singlet state.  
Singlet oxygen can then add to the PAH itself, most likely by cycloaddition.  Oxidation of the 
resulting cycloadduct, followed by rearrangement, results in the quinone.  
 
In the case of bisanthene (10), the blue color alone suggests that the molecule is an excellent 
chromophore and is easily promoted to its singlet state to facilitate energy transfer to oxygen in 
Scheme 6.3: Oxidation of perylene or perylene derivatives by exposure to ultraviolet light 
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the ground state. Indeed the UV-vis spectrum of (10) shows significant absorption from 
approximately 220 nm to 360 nm and then absorption again in the visible from 590 nm to 720 
nm.4,* Another contributing factor to oxidation of the molecule is the lifetime of the singlet 
oxygen once it has been generated, a property that is solvent dependent.5 For instance, the lifetime 
of singlet oxygen in carbon tetrachloride is 2.6 × 10-2 s which is 100 times longer than the lifetime 
in chloroform and 100,000 times longer than the lifetime in water. The longer oxygen remains in 
this high energy singlet state, the greater the chance for a ground state bisanthene to react.  
Though the initial discovery was from photolysis conditions in benzene, subsequent studies have 
been performed in tetrachloroethane and dichloromethane as well, with similar results (vide 
infra). 
Another example of bay region quinone formation was demonstrated by Müllen and Rabinovitz.6  
Upon adding oxygen to quench a reaction using potassium to convert 9,9′-biphenanthryl (82, 
Scheme 6.4) to dibenzoperylene (97), the bay region of the resulting molecule contained a 
quinone (98).  This material was produced in nearly quantitative yield.  By contrast, under similar 
conditions using potassium followed by oxygen to facilitate the closure and rearomatization of 
byproducts in the synthesis of bisanthene (10),† no quinone is observed. 
 
                                               
 
*
 See Chapter 2 experimental 
†
 See Chapter 2 for synthesis of 10 
Scheme 6.4: Bay region quinone formed during the oxygen quench of PAH dianion 97 
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6.2.4: Investigating Quinone Formation 
Several studies were developed to probe the reactivity of 10 in this reaction and therefore its 
implications on bay regions on the terminus of a growing single-walled carbon nanotube.  If 
nanotubes are as reactive as the flat bisanthene (10), then future production methods would have 
to be designed to prevent the formation of bay region quinones.  The methodology developed for 
the growth of nanotubes* relies on an end-cap or growing nanotube with a fully hydrocarbon 
edge.  The presence of even one quinone would suspend growth, not allowing for the 
regeneration of bay-regions fully around the rim.  Removal or conversion of the quinone oxygens 
back to hydrogens could be difficult, and would add unnecessary steps to what is envisioned to be 
a rapid and simple elongation of the single-walled carbon nanotube. 
6.2.5: Comparison of Photochemical Reactivity between Ultraviolet and Incandescent Light 
Sources 
A standard solution was made of bisanthene (10) in 1,1,2,2-tetrachloroethane-d2, and 1 mL 
portions were transferred into two NMR tubes.  Each tube was purged with oxygen and then 
irradiated independently, one with ultraviolet light in a Rayonet photoreactor and the other with a 
250 W incandescent bulb.  The reactivity difference was striking. Whereas the sample exposed to 
incandescent light degrades to the oxidized product slowly over the course of 9.5 hours, no 
starting material is detected in the sample exposed to ultraviolet light after 2 minutes of 
irradiation.  This suggests that absorption in the ultraviolet is the main promoter of singlet oxygen 
generation for the reaction.   
 
                                               
 
*
 See Chapter 1 
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6.2.6: Time Study of Oxidation of Bisanthene 10 to Quinone 90 
Interestingly, solutions of bisanthene (10) in both benzene and dichloromethane that have been 
saturated with oxygen in a Pyrex vessel showed no conversion to oxidized product when exposed 
to ultraviolet light in the Rayonet apparatus up to 3 h.  However, if the same solutions are placed 
in an immersion reactor with a quartz inner vessel to allow for higher energy ultraviolet light to 
reach the sample, conversion to the oxidized product is fast, fully converting to product in 
approximately 30 minutes.* 
 
The insight gained in these studies led to the development of a synthetic method for the 
preparation of bisanthene (10) which included extensive purging with nitrogen before and 
throughout the reaction, suppressing the formation of quinone (90).  In addition, further reactions 
with (10) were treated carefully by degassing solvents with freeze, pump, and purge cycles or by 
extensive purging with nitrogen or argon prior to running the experiment.  Failure to take such 
measures resulted in the degradation of starting material and therefore overall yields in the 
reaction.†   
 
6.2.7: Computational Predictions of Bay Region Reactivity 
 
In an effort to determine whether or not a molecule would be susceptible to this type of oxidation, 
frontier molecular orbital calculations were performed, using Spartan7 at a B3LYP/6-31G* level 
of theory, on several molecules similar to dimesitylbisanthene (10).  It was thought that the 
energy of the HOMO could determine whether or not the molecule could react with singlet 
                                               
 
*
 Aliquots were taken every 5 minutes over the course of the reaction and analyzed by NMR.  See the Experimental section for details. 
†
 See chapters 2 and 4 for the synthesis of and syntheses with bisanthene (10). 
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oxygen.  The HOMO of bisanthene 2, which we have shown reacts readily with singlet oxygen 
across the central rings and in the bay region, is -4.38 eV.  In comparison, pentacene 91, a 
common partner for the cycloaddition across the central ring, is -4.60 eV.  Perylene (1), for which 
much of the precedent exists, has a value of -4.94 eV, lower than the other molecules. Therefore, 
perylene may serve as a relative high water mark for oxidation potential. Calculated HOMO 
energies for other similar molecules can be found in figure 6.3, and their values carry unique 
implications for synthesis.  Designs of future nanotube templates, whether they consist of bowls, 
belts, or graphene fragments, should consider the susceptibility of each molecule to oxidation and 




The facile oxidation of PAH bay regions described in this chapter holds significant implications 
for the implementation of a cycloaddition growth mechanism in the pursuit of single chirality 
single-walled carbon nanotubes.  The ability for certain molecules to degrade in the presence of 
singlet oxygen may affect both template design and production conditions when pursuing this 
Figure 6.3: HOMO energies of selected PAHs calculated at B3LYP/6-31G* 
145 
 
goal.  Researchers in this field should be mindful of the reactivity of their precursors to prevent 
quinone formation and therefore interruption of sustained growth.  Fortunately, oxygen free 
techniques are common considerations in the production of many materials.  In addition, the 
photosensitivity which leads to singlet oxygen formation may be reserved for the flat PAHs, and 
if this is not the case, can easily be overcome by protecting reactions from light. 
 
6.4 Experimental Procedures: 
 
6.4.1: General Experimental 
 
All commercially available chemicals were used without purification unless otherwise noted.  
Dry solvents were obtained from a Glass Contour solvent purification system. NMR spectra were 
taken in the Boston College Nuclear Magnetic Resonance Center on various Varian instruments.  
NMR shifts are referenced in ppm downfield from TMS, using chloroform-d1 (δH = 7.26 ppm, δC 
= 77.23 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 6.00 ppm, δC = 73.78 ppm) as standard 
references unless otherwise noted. Chromatography was performed with Sorbent Technologies or 
Zeochem silica gel (porosity = 60 Å, particle size = 32-63 or 40-63 µm respectively), and 
preparative TLC was performed on 20 cm × 20 cm Analtech silica GF uniplates. Photochemical 
experiments were performed by several methods including the following: A Rayonet 
photochemical reactor equipped with 13 × 254 nm 35 W mercury lamps, an incandescent light 
source consisting of a 250 W reflector bulb, and an immersion photochemical reactor with a 
450 W mercury vapor lamp in a quartz cooling vessel. Mass spectrometry was carried out in the 
Boston College Mass Spectrometry Center and consisted of various ionization sources for TOF 
spectrometers including ESI, DART, and AP-MALDI in either positive or negative ion modes.  
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Infrared spectrometry (IR) was run on a Nicolet Avatar 360 FT-IR spectrophotometer. X-ray 
crystallography was performed at the Boston College X-ray Crystallography Center on a Siemens 
3-circle geometry platform diffractometer with a Bruker APEX CCD area detector equipped with 
a molybdenum source. 
 
6.4.2: Comparison of Rayonet Ultraviolet (Fraction A) to Incandescent Light (Fraction B) 
Exposure on the Degradation of Dimesitylbisanthene (10) 
 
A solution of bisanthene (10) was made by dissolving the solid powder in 2 mL of 1,1,2,2-
tetrachloroethane-d2 (TCE).  The concentration was determined by adding 50 µL of a standard 3.7 
× 10-2 M solution of 1,3,5-trimethoxybenzene in TCE, freshly prepared in a 10 mL volumetric 
flask, and integrating the 1H NMR spectrum.  The concentration of the bisanthene solution was 
determined to be 1.12 × 10-3 M.  The solution was then split into two 1 mL samples and placed in 
separate borosilicate glass NMR tubes. 
 
Each tube was purged for 10 min with oxygen, and an NMR spectrum was taken.  One sample 
(A, Table 6.1) was suspended in the Rayonet photochemical apparatus, the other (B, Table 6.1) 
was placed ~10 cm from a 250 W reflector incandescent bulb.  Each sample was irradiated for a 
period of time (Table 6.1), and spectra were taken. The reactions were purged with oxygen for 10 
min approximately every other spectrum.  Most of the starting material (10) converted to product 
in 2 min for A and 9.5 h for B. Due to signal overlap, accurate integrations were not possible, but 







6.4.3: Synthesis of 3,4-Dioxo-7,14-bis(2,4,6-trimethylphenyl)bisanthene (90) by Photolytic 
Conversion of (10) with Mercury Lamp 
 
To a 150 mL immersion photolysis vessel* with a stir bar were added 20 mg (3.4 × 10-2  mmol) of 
7,14-bis(2,4,6-trimethylphenyl)bisanthene (10), 500 µL of a 3.9 × 10-2 M solution of 1,3,5-
trimethoxybenzene NMR standard in 1,1,2,2-tetrachloroethane-d2 (TCE),  and 123 mL of 
dichloromethane.  The solution was purged with industrial grade oxygen for 30 min prior to 
photolysis and throughout the experiment. Several 3 mL aliquots were taken from 0 min (before 
the lamp was turned on) and every five min for 30 min.  Each sample was concentrated to dryness 
under reduced pressure and analyzed by NMR spectrometry to determine conversion. Starting 
material is quickly converted to product; NMR shows no signals for starting material after 25 min 
of irradiation (Figure 6.5). 
 
1H NMR (400 MHz, C2D2Cl4) δ ppm 9.33 (d, J = 8.0 Hz, 2H), 8.14 (t, J = 8.0 Hz, 2H), 7.96 (d, J 
= 8.0 Hz, 2H), 7.58 (d, J = 10.0 Hz, 2H), 7.17 (s, 4H), 6.91 (d, J = 10.0 Hz, 2H), 2.51 (s, 6H), 
                                               
 
*
 In dichloromethane or benzene, purging with oxygen beforehand and throughout, and diluting the bisanthene (10) solution, the reaction on 
this scale does not work in the Rayonet if placed in a Pyrex photolysis vessel. 










I 0 I 0
II 2* II 20*
III 2 III 20
IV 5* IV 60*
V 11 V 120
VI 12* VI 360*
* indicates a 10 min oxygen purge prior to irradiation
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1.94 (s, 12H) 13C NMR (100 MHz, C2D2Cl4) δ ppm 186.5, 144.8, 138.2, 137.4, 136.8, 132.5, 
130.9, 130.6, 130.2, 130.1, 128.6, 128.4, 128.2, 126.0, 125.1, 124.6, 124.2, 124.2, 21.3, 20.2 UV-
vis* (CHCl3) λmax (ε,cm-1 M-1) 244 (19400), 262 (sh, 9100), 274 (sh, 8500), 298 (sh, 7200), 312 
(9400), 352 (sh, 12500), 364 (15300), 394 (sh, 8700), 414 (6600), 460 (1600), 486 (sh, 2300), 




                                               
 
*























Figure 6.5: Conversion of bisanthene 10 to quinone 90 by exposure to UV light. Percent 





































































































































































































6.4.4: Details of the Calculations for the HOMO of Dimesitylbisanthene (10), Bisanthene (2), 
Anthracene (46), Pentacene (91), Perylene (1), and Dibenzoperylene (98) in Figure 6.3 ; X,Y,Z 
Coordinates of All Starting Materials Can be Found in Appendix A.5. 
 
All calculations were performed using density functional theory at the B3LYP/6-31G* level, 
employing the programs in Spartan. 
 
6.4.5: Crystal Structure Data for 3,4-Dioxo-7,14-bis(2,4,6-trimethylphenyl)bisanthene (90) Can 
be Found in Appendix B.2. 
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Chapter 7: Controlled Synthesis of Solubilized Graphene Ribbons 
 
7.1 Introduction:  
 
The use of graphene as an electronic material has seen a great surge of interest in recent years.1  
Much of this growth in popularity has been due to the difficulties described previously regarding 
the homogeneous production of carbon nanotubes.*  Graphene possesses many properties similar 
to carbon nanotubes but holds the extra advantage of being a monolayer.  Though also difficult to 
produce on a large scale, recent progress suggests graphene could potentially be capable of 
replacing conductive layers in electronic devices such as indium tin oxide, which has seen 
significant price increases in recent years. 2 
 
In the development of dimesitylbisanthene (10) as a model system for bay region growth, the fact 
that the central bisanthene is a small segment of graphene was not overlooked.  The presence of 
two bay-region dienes, a bifunctional monomer, suggested that reagents containing two 
dienophiles may be useful cycloaddition partners in producing graphene ribbons, oligomers of 
small PAHs.  The proper choice and application of dienophile would allow control over the 
length of the ribbon and perhaps the electronic properties. The use of dimesitylbisanthene (10) 
would provide solubility and oxidative protection that is difficult to achieve through other 




                                               
 
*
 See Chapter 1 
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7.2 Results and Discussion: 
 
7.2.1: Use of Dimesitylbisanthene as a Functional Platform for Synthesis 
 
Dimesitylbisanthene (10) serves as an excellent model for the growing edge of a armchair carbon 
nanotube.*  The mesityl groups serve not only to solubilize the flat polycyclic aromatic 
hydrocarbon (PAH) core, but also to block the addition of oxygen across the central rings.  
Though originally designed to serve the purpose of representing the nanotube edge, the same 
properties are useful in making it a platform for other chemistry.  The unique reactivity of the 
molecule allows for addition of any number of dienophiles. Depending on the reagent, 
dimesitylbisanthene can be functionalized with esters,† produce new bay-regions,‡ and even form 
unique quinones.§   All of these molecules should have unique properties which could be 
exploited for future applications. 
 
One of the most exciting potential uses of dimesitylbisanthene (10) is in the synthesis of 
solubilized graphene strips.  By using dienophiles capable of multiple additions, it should be 
possible to string a series of bisanthene 10 groups together into one large conjugated system.  
Depending on the choice of dienophile, the system could even be converted to a fully aromatic 
system, allowing for the controlled synthesis of a graphene ribbon. The resulting product would 
be more soluble than graphene itself and protected from the degradation seen in many polyacenes 
and larger graphene systems. 
 
                                               
 
*
 See Chapter 2 
†
 See Chapter 2 for the addition of acetylene esters to the bay-region of dimesitylbisanthene (10) 
‡
 See Chapters 4 and 8 for details regarding the generation of large PAHs with additional bay regions from the dimesitylbisanthene core (10) 
§
 See Chapter 6 for the unique oxidation properties of the bay-region of dimesitylbisanthene (10) and other PAHs 
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7.2.2: Choosing Bifunctional Dienophiles for Graphene Synthesis  
 
Of the potential dienophiles for addition to dimesitylbiasnthene (10), a few specific molecules 
stood out as candidates (Scheme 7.1).  The acetylenic dienophile diphenylacetylene (99) was 
investigated because of the prior successes with diethyl acetylenedicarboxylate (23) and served as 
a surrogate for dibenzocycloocta[a,e]diyne (100).  Polymers of 100 have been made before,4 and 
despite appearing conjugated the ring shape limits p-orbital overlap.  Addition of dopants, 
however, flattens the ring and allows for electron transfer.5  This could allow the electronics of the 
polymer to be switched on and off.  Unfortunately, the addition of diphenylacetylene (99), in a 
pressure vessel at 140 ºC for 1 day, produced only trace amounts of mono-addition product (101). 
Therefore, dibenzocycloocta[a,e]diyne addition was never attempted. 
 
A more promising result came from p-benzoquinone (102) as the bifuncitonal dienophile 
(Scheme 7.1).  The addition of 102 was found to give mono- (103) and di-addition (104) as a 
mixture of products, or it could be pushed to produce only 104 in 57% yield with a greater excess 
of benzoquinone over a longer reaction time. This control over the reaction allows for a diverse 
palate of monomers for future study.  As an added benefit, the addition products (103 and 104) 
not only rearomatize the bisanthene rings but spontaneously aromatize the new benzene ring. 
Because of this, the addition of an oxidant was not required, other than excess benzoquinone, 








7.2.3: Synthesis of a Series of Conjugated PAH Ribbons 
 
Due to the fact that the mono- (103) and di- (104) benzoquinone adducts could be isolated 
individually, there were several possible choices for synthesizing oligomers.  The “QBQ” 
building block (104, Scheme 7.2), with a benzoquinone terminus (Q) on both sides, could be used 
to form a 3:2 bisanthene:quinone conjugated ribbon (“BQBQB”, 105) by capping both 
benzoquinones with a dimesitylbisanthene (10). In addition 103, with one B and one Q, could be 
capped by 10 form a 2:1 “BQB” adduct (106) of bisanthene:quinone or be polymerized by itself 
to form a series of oligomers of formula (BQ)n.  This process could be repeated several times with 
benzoquinone and bisanthene, tuning the length of the system. 
 
To prove that the methodology would work, it was decided that 104 would be reacted with an 
excess of dimesitylbisanthene 10.  Fortuitously, there was a small amount of 103 in the starting 
Scheme 7.1: Investigated dienophiles for making conjugated graphene ribbons 
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material, resulting in both products 105 and 106 after the reaction as determined by HRMS and 
1H NMR (Scheme 7.2).  These products are in essence small segments of graphene strung 
together in a specific fashion and fully conjugated through the benzoquinone linker.   
 
It should be noted that upon standing for approximately three weeks in solution, the large 
aromatic systems of 105 and 106 suffered oxidation in a similar manner as the parent molecule 
10.*  The resulting molecules (107 and 108, Scheme 7.3) were observed from the same MS 
sample used to characterize 105 and 106, and their molecular formulas were confirmed by 
HRMS.  The masses observed for 107 and 108 (See 7.4.3) correspond to the oxidation of both 
                                               
 
*
 See Chapter 6 for more information regarding the oxidation of the bay region of dimesitylbisanthene (10) 
Scheme 7.2: Iterative approach to controlling ribbon size  
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bay-regions in each molecule, but also seem to indicate the reduction of the benzoquinone portion 
of 105 and one benzoquinone portion of 106.  This may be due to the p-quinones of oxidized 105 
and 106, bearing electron withdrawing groups on either side, acting like oxidants.  The formation 
of the di-bay-region quinone would make a powerful oxidizing agent for other molecules in 
solution. The lack of a second reduction of 108 could be a consequence of the first reduction 
placing an electron donating hydroquinone group into the molecule.   Although the reduction was 
undesired, it holds potential for future applications, forming fully aromatic graphene ribbons (vide 
infra).  This increased reactivity also suggests that the bay-regions would be amenable to 
continued addition of benzoquinone or other molecules such as 104, creating the next iteration of 
conjugated PAHs. 
 
7.2.4: Future Directions toward Graphene Ribbon Synthesis 
 
One of the best features of using benzoquinone as the bifunctional dienophile is the possibility for 
making the whole system fully aromatic while maintaining handles for further functionalization.  
Using oligomer 105 as an example, the quinone portion should be reducable to the hydroquinone, 
allowing for functionalization of the phenol (109, Scheme 7.4).  This could serve to add further 
Scheme 7.3: Air oxidation of bisanthene capped oligomers 
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solubility or tune stacking of the molecule.  This transformation would also change the tethered 
small graphene sheets into fully aromatic graphene ribbons. 
 
In addition to reduction, the benzoquinone could be subject to nucleophillic attack by any number 
of nucleophiles (110, Scheme 7.5).  After nucleophillic attack and reductive dehydroxylation, this 
molecule could have various substituents that would allow tuning of the electronic properties of 




The ability to produce a graphene strip with a specific substitution pattern and electronic 
tunability would be a great achievement.  The enhanced solubility and blocking of undesired 
oxidation using dimesitylbisanthene (10) as the monomer makes this technique for producing 
graphene ribbons that much more appealing.  This work has shown that 10 can be used to make a 
Scheme 7.4:  Generating fully aromatic graphene sheets by reduction of the quinone also holds 
potential for modification at the phenol 
Scheme 7.5: By first undergoing a nucleophillic addition followed by reductive dehydroxylation,
the fully aromatic graphene ribbon can be modified a number of ways 
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series of conjugated PAHs and should also be readily converted to the fully aromatic ribbon by 
transformation of the benzoquinone portions into hydroquinones or substituted benzene rings. 
 
The reactivity of the bay-regions, resulting in oxidation, will need to be addressed, but it bodes 
well for subsequent reactions of dienophiles.  Controlling these additions will allow for the design 
and synthesis of ribbons of specific length and functionality, which could play a significant role 
in future electronic materials.  
 
7.4 Experimental Section: 
 
7.4.1: General Experimental 
 
All commercially available chemicals were used without purification unless otherwise noted.  
Dry solvents were obtained from a Glass Contour solvent purification system. NMR spectra were 
taken in the Boston College Nuclear Magnetic Resonance Center on various Varian instruments.  
NMR shifts are referenced in ppm downfield from TMS, using chloroform-d1 (δH = 7.26 ppm, δC 
= 77.23 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 6.00 ppm, δC = 73.78 ppm) as standard 
references unless otherwise noted. Chromatography was performed with Sorbent Technologies or 
Zeochem silica gel (porosity = 60 Å, particle size = 32-63 or 40-63 µm respectively), and 
preparative TLC was performed on 20 cm × 20 cm Analtech silica GF uniplates. Mass 
spectrometry was carried out in the Boston College Mass Spectrometry Center and consisted of 
various ionization sources for TOF spectrometers including ESI, DART, and AP-MALDI in 




7.4.2: Synthesis of 1:1 and 2:1 Benzoquinone Adducts to Dimesitylbisanthene (103 and 104) 
 
To a flame dried 150 mL pressure vessel were added 10 mL of dry toluene which was purged 
with nitrogen for 30 min.  To this was added 50 mg (0.085 mmol) of dimesitylbisanthene (10), 
and 460.0 mg (4.22 mmol) of p-benzoquinone.  The reaction was sealed and placed in an oil bath 
at 140 ºC for 31 h.  Once cooled, the solution was concentrated to dryness under reduced 
pressure, and the residue was heated to sublime excess benzoquinone into the bulb of the bump-
trap.  The solid was sonicated in hexanes and filtered to give a green/black solid.  This was then 
taken up in ethanol, sonicated, and filtered twice more to clean up the product.  The resulting 38.9 
mg of black solid was clean 104 in 57% yield. 
 
104: 1H NMR (400 MHz, CDCl3) δ ppm 10.55 (d, J = 9.6 Hz, 4H), 8.99 (d, J = 9.6 Hz, 4H), 
7.38 (s, 4H), 7.34 (s, 4H), 2.67 (s, 6H), 1.88 (s, 12H); HRMS (MALDI) calc. for C58H35O4 
[M+1]+ 795.2535, found 795.2503 
 
Running the reaction on a 15 mg scale for 24 hours resulted in a purple filtrate on the first 
filtration.  This material was purified by silica gel preparative TLC with 20% EtOAc in hexanes 




103: 1H NMR (500 MHz, CDCl3) δ ppm 9.61 (d, J = 10.0 Hz, 2H), 9.23 (d, J = 7.5 Hz, 2H), 
8.06 (t, J = 7.5 Hz 2H), 8.02 (d, J = 8.0 Hz, 1H), 7.23 (s, 4H), 7.11 (s, 2H), 2.55 (s, 6H), 1.91 (s, 


































































































































7.4.3: Synthesis of 1:2 and 2:3 Adducts of Benzoquinone and Dimesitylbisanthene (105 and 106) 
 
To a flame dried 4 mL screw-cap vial with Teflon wrapped threads were added 0.2 mL of 
degassed o-dichlorobenzene, 0.93 mg (1.3 µmol) of molecule 104 (with a small amount of 103 in 
the mixture), and 2.9 mg (5.0 µmol) of dimesitylbisanthene (10).  The vial was capped, sealed 
with electrical tape, and placed in an oil bath at 160 ºC for 2 d.   Once cooled, the reaction 
mixture was diluted with o-dichlorobenzene and submitted to MALDI MS; this sample sat for 3 
weeks and was reexamined by MALDI MS to reveal the oxidized products 107 and 108.  The 
remaining product was run through a silica gel plug first with straight dichloromethane to give 2.2 
mg of blue/green material, which corresponded to a mixture of 105 and 106, while the second 
solvent, acetone, resulted in 3.3 mg of the oxidized products 107 and 108. The 1H NMR shows 




105: 1H NMR (500 MHz, C2D2Cl4) δ ppm 9.47 (d, J = 9.0 Hz, 4H), 9.22 (dd, J = 8.0, J = 1.0 Hz, 4H), 
8.30-7.97 (m, 12H), 7.12 (s, 8H), 2.64 (s, 6H), 1.99 (s, 12H); HRMS (MALDI) calc. for C98H65O2 
[M+1]+ 1273.4979, found 1273.4958 
 
106: 1H NMR (500 MHz, C2D2Cl4) δ ppm 10.46 (d, J = 9.5 Hz, 4H), 9.65 (d, J = 10.0 Hz, 4H), 9.24 
(dd, J = 8.0 Hz, J = 1.5 Hz, 4H), 9.11 (d, J = 9.5 Hz, 4H), 8.29-7.98 (m, 12H), 7.47 (s,4H), 7.31 (s, 8H), 
2.79 (s, 6H) 2.66 (s, 12H), 2.03 (s, 24H), 2.01 (s, 12 H); HRMS (MALDI) calc. for C150H95O4 [M+1]+ 
1959.7225, found 1959.7184 
 
107: MS (MALDI) calc. for C98H62O6 [M]+ 1334.4541, found 1334.4445 
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Chapter 8: Potential Uses of Crystalline Substituted Bisanthenes and Extended Polycyclic 
Aromatic Hydrocarbons  
 
8.1 Introduction:  
 
There has recently been a surge of interest in the use of organic molecules for electronic devices.1 
For years, inorganic materials dominated the market in transistors, conductors, and 
semiconductors; however, recent advances have seen organic molecules, often polycyclic 
aromatic hydrocarbons, creeping into many of the same applications as these inorganic 
counterparts.2  The tunable band gap characteristics, coupled with the low cost and potential for 
solution processing associated with organic materials, has made them an appealing alternative 
when developing new electronic materials.  Molecules such as rubrene (111, Figure 8.1) and 
pentacene (91) are often incorporated into devices due to their extended aromatic systems and, 
under the correct conditions, the pi-stacking in their crystal packing.*  This molecular arrangement 
allows for electronic communication between the molecules and therefore, manipulation of the 
                                               
 
*
 See Cambridge Crystal Database for X-ray crystal packing of rubrene 111 (QQQCIG01) and pentacene 91 (PENCEN). 
Figure 8.1: PAHs with unique extended aromatic systems 
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flow of electrons when incorporated into crystalline devices or thin films.  Many of the molecules 
discussed previously, such as dimesitylbisanthene (10) and dimesitylovalene (60) have  aromatic 
systems similar to those of rubrene and pentacene and may have potential for common uses.  In 
addition, they are soluble molecules, making them potentially amenable to spin coating or 
solution processing if incorporated into the designs for electronic devices. 
 
One recent and rapidly advancing use of large PAHs in electronics is the incorporation of organic 
molecules into field effect transistors (FETs).3 Like transistors, FETs can be used to amplify 
signals or be used as switches. The conductivity of field effect transistors, on the other hand, can 
be tuned by applying an outside bias to the device, thus providing greater control and therefore 
wider applicability in electronic products.  Organic field effect transistors (OFETs) have the same 
tunability as FETs but have narrower band gaps and significantly lower costs due to the materials 
involved.  Rubrene (111) has demonstrated one of the highest electron mobilities for single 
crystal OFETs.4  One of the reasons so much development has occurred with rubrene is its 
stability and unique crystal attributes.  In crystalline form, the molecules align so that 
conductivity follows one direction5 which is a result of the excellent overlap of its aromatic pi-
systems (Figure 8.2).  For this reason, rubrene (111) can be aligned across two leads when 
Figure 8.2: Rubrene pi−pi stacking alignment in crystalline form for electron transport4  
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designing OFET devices6 (Figure 8.3).   
 
8.2 Results and Discussion: 
 
8.2.1: Crystal Packing of Synthesized Molecules 
 
X-ray quality crystals have been grown of both bisanthene (10) and ovalene (60).  It was found 
that both molecules have significant pi−pi overlap in their crystal packing in the solid state.  Much 
like rubrene (111), the molecules of 10 and 60 align in one general direction with their pendant 
solubilizing groups aggregating between stacks (Figure 8.4).  This suggests that, given the proper 
orientation, size, and uniformity, the crystals of these molecules may have properties similar to 
those of rubrene and other materials that are commonly used in OFETs.  Due to the bulk of the 
meso-mesityl groups, the overlaps of the central PAHs of 10 and 60 are relatively small, 
compared to that in rubrene, where the overlap consists of greater than a full ring.  Work is 
underway to crystallize even larger aromatic systems such as dibenzoovalene (87, Figure 8.4), 
discussed in chapter 4.  The extended aromatic core of 87 is likely to stack with even greater 
overlap without interference from the meso-mesityl substituents. 
 
 




8.2.2: Other Potential Single Crystal Conducting Molecules 
 
In addition to dibenzoovalene (87), other molecules developed in the course of this research may 
have applications in electronic materials.  Due to the sensitivity of pentacene to oxidation, it is 
often difficult to develop devices with electron mobilities on the same scale as rubrene (111); 
however, engineers have developed materials similar to silicon oxide semiconductors utilizing 
pure pentacene quinone.7  By designing the device with the material already oxidized, the 
efficiency can be brought within range of the best rubrene materials. If similar problems arise 




with dibenzoovalene, the dibenzoquinone (104, Figure 8.5) might serve as an alternative.*  A 
simple reduction could also produce the dihydroquinone derivative (112), which may have 
similar applications.  In addition to these molecules, dienophiles larger than benzyne, the reagent 
used in the synthesis of 87, have been shown to add to bisanthene 10.  For instance, 2-
trimethylsilyl-naphthyl-3-triflate was transformed into 2,3-naphthyne in situ with 10 by the 
addition of tetrabutylammonium fluoride in refluxing toluene.  This reactive species adds to 
bisanthene 10 to form the anthraceneobisanthene (113) in nearly 89% yield.  Though this 
molecule is unsymmetrical with respect to the mesitylene axis, its unique PAH core could also 
have interesting crystal properties.  Nonetheless, the addition of this large appendage to 
                                               
 
*
 See chapter 6 for the synthesis and other applications of the dibenzoquinone adduct of dimesitylbisanthene (104)  
Figure 8.5: Other molecules for organic electronics that may have unique crystal packing 
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bisanthene (10) demonstrates what a multifunctional platform the molecule has become from its 




In the rapidly advancing field of organic electronics, dimesitylbisanthene (10) and its many 
possible analogs potentially provide a new and unique molecular architecture for future 
development.  These molecules combine the solubility and stability similar to that of rubrene 
(111) while allowing for extended PAH cores and functionalization often found with pentacene 
derivatives (91).  In addition, it has been shown that they pi−pi stack and align in their crystalline 
lattice in a manner complimentary to the stacking of molecules used in OFETs and other devices.  
These characteristics hold promise for unique and interesting applications of these large soluble 
aromatic systems in the years to come. 
 
8.4 Experimental Procedures: 
 
8.4.1: General Experimental 
 
All commercially available chemicals were used without purification unless otherwise noted.  
Dry solvents were obtained from a Glass Contour solvent purification system. NMR spectra were 
taken in the Boston College Nuclear Magnetic Resonance Center on various Varian instruments.  
NMR shifts are referenced in ppm downfield from TMS, using chloroform-d1 (δH = 7.26 ppm, δC 
= 77.23 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 6.00 ppm, δC = 73.78 ppm) as standard 
references unless otherwise noted. Chromatography was performed with Sorbent Technologies or 
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Zeochem silica gel (porosity = 60 Å, particle size = 32-63 or 40-63 µm respectively), and 
preparative TLC was performed on 20 cm × 20 cm Analtech silica GF uniplates. Mass 
spectrometry was carried out in the Boston College Mass Spectrometry Center and consisted of 
various ionization sources for TOF spectrometers including ESI, DART, and AP-MALDI in 
either positive or negative ion modes.   
 
8.4.2: Synthesis of 7,14-Bis(2,4,6-trimethylphenyl)anthraceno[1,2,3,4-c,d,e]bisanthene (113) 
 
To a flame dried 25 mL two-necked round bottom flask with reflux condenser and stir bar were 
added 5 mL of toluene, 10.0 mg (1.70 × 10-2 mmol) of dimesitylbisanthene (10), and 107.2 mg 
(0.34 mmol) of tetrabutylammonium fluoride trihydrate.  The reaction mnixture was brought to 
reflux and 94 µL (120 mg, 0.34 mmol) of 2-trimethylsilylnaphthyl-3-triflate was added dropwise 
over 30 min with a syringe pump.  Upon complete addition, the reaction was allowed to continue 
refluxing for approximately 4 hours.  When the bath was cooled, the reaction mixture was diluted 
in dichloromethane and washed with 4 × 100 mL water and concentrated to dryness under 
vacuum.  The resulting solid was suspended in ethanol and filtered to give a blue/purple solid in 
89% yield. 
 
mp >300 ºC;  1H NMR (500 MHz, 1:1 C2D2Cl4:CS2) δ ppm 9.74 (s, 2H), 9.15 (d, J = 10.0 Hz, 
2H), 8.87 (d, J = 6.5 Hz, 1H), 8.40 (AA′ of AA′BB′, 2H), 7.92 (d, J = 9.5 Hz, 2H), 7.83 (dd, J = 
8.5, J = 7.0, 4H), 7.78 (d, J = 8.5, 2H), 7.73 (BB′ of AA′BB′, 2H), 7.25 (s, 4H), 2.58 (s, 6H), 1.97 
(s, 12H) 13C NMR 18 of 25 signals with confidence (150 MHz, 1:1 C2D2Cl4:CS2) δ ppm 137.5, 
137.2, 130.9, 130.8, 128.5, 128.2, 126.8, 126.35, 126.30, 125.8, 125.5, 125.4, 123.8, 123.6, 123.3, 
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120.5, 21.4, 20.1; UV-vis (CHCl3) λmax 244, 274 sh, 324 sh, 332, 356, 562, 608, 656, 664; HRMS 











































































































































































8.4.3: Crystal Data for Dimesitylbisanthene (10) Can be Found in Appendix B.3.1. 
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The production of large polycyclic aromatic hydrocarbons (PAHs) has been an underlying theme 
of this research.  Whether the growth was by Diels-Alder cycloaddition to generate new benzene 
rings or by tethering small PAHs together to form conjugated ribbons, the rational approach to 
larger and larger systems was pursued.*  One reaction known for producing large aromatic 
systems from smaller ones is the Scholl reaction.  This reaction takes its name from Roland 
Scholl, who observed in 1912 that benzene could be self coupled to form biphenyl in the presence 
of aluminum chloride (Scheme 9.1).1  
 
Scholl’s work was advanced by Kovacic in 1965 by including an additional oxidant,2 but in 
general, the development of this reaction lay dormant for decades. There was a significant 
resurgence of the Scholl reaction in the late 1990s due to Klaus Müllen and his design of 
polyphenylated molecules which could be stitched together to form large PAHs.3  Müllen saw the 
potential of the Scholl reaction and designed molecules that could exploit its reactivity. These 
reactions were not only capable of turning o-terphenyl (114) into triphenylene (115), but 
developed to allow the formation of 54 bonds in one reaction starting from the C222H150 
polyphenylated molecule (116) and ending with the graphene sheet (117, Scheme 9.2). 
                                               
 
*
 See chapters 2 and 4 for work on generating new benzene rings and chapter 7 for a discussion on graphene ribbons 





The ability to transform small unfunctionalized aromatic systems into specific larger systems 
spawned a great deal of interest and resulted in a number of synthetic and theoretical studies 
concerning the Scholl reaction.4  At the center of this work was an attempt to understand  the 
mechanism of the reaction, which requires an activation, a closure, and a unique 
cyclodehydrogenation step.  It is believed that the process functions either through an arenium ion 
or a radical cation pathway.  Both of these processes are depicted for o-terphenyl (114) in Scheme 
9.3.  Though there is still much debate; Benjamin King’s computational studies suggest that the 
the arenium ion is the favored mechanism.  In this pathway, the phenyl ring is protonated, 
generating a cation.  The neighboring pi−system cyclizes to form the six-membered ring and 
Scheme 9.2: Scholl chemistry is a powerful tool for coupling unfunctionalized aromatic rings 
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generate a stabilized benzylic cation.  Finally, an oxidant facilitates the loss of hydrogen, 
rearomatizing the system to form triphenylene (115). 
 
In general, the majority of published work focuses on polyphenylated molecules.  The 
connectivity of these molecules allows for very few alternate closures and guides the reaction to 
single products.  For o-terphenyl (114) there is only one position for protonation that facilitates 
cyclization (Scheme 9.4).  This reaction proceeds to triphenylene in about 20% yield.  
Substitution of the phenyl ring to promote protonation at the productive site, such as 3,3′′-
dimethoxy-o-terphenyl can improve the yield to 53%. Very recently, new studies by Rathore et 
al. were published that strongly support the radical cation pathway.4d,e  
 
It was reasoned that the Scholl reaction could be used on larger aromatic systems.  Closure of 
small tethered PAHs could allow for expedient growth of uniquely shaped large PAHs.  If 
successful, this method would potentially be useful for elongating the graphene edges of curved 
molecules to make structures such as nanocones (Scheme 9.5).5  For instance, Jennifer M. 
Quimby has been  investigating cone-shaped PAHs and has attached five phenanthrene molecules  
Scheme 9.3: Two plausible mechanisms of cyclodehydrogenation 
 

















to a central corannulene (44), making pentaphenanthrylcorannulene (118).  Scholl closure of this 
molecule would result in a C90H30 nanocone (119) with a single five-membered ring defect in the 
graphene sheet. As it was soon discovered, both in this project and recent literature, the Scholl 
reaction is a more complicated system than precedent would suggest, and unique challenges were 










Scheme 9.4: Cyclization only occurs when molecules are protonated at the proper carbon 
Scheme 9.5: Potential use of the Scholl reaction for expanding the size of a nanocone 
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9.2 Results and Discussion: 
 
9.2.1: Investigation of the Scholl Reaction on PAH Precursors 
 
With applications such as the synthesis of nanocone (119) in mind (Scheme 9.5), a study of 
various tethered PAHs was undertaken.  Phenanthrene was envisioned to be an ideal PAH 
candidate and also a model for the edge of corannulene.  Coupling two phenanthrene PAHs 
through a Suzuki reaction of 9-bromophenanthrene (120) and 9-phenanthrylboronic acid (121) 
formed 9,9′-biphenanthryl (82, Scheme 9.6). This bond allows the carbons of 82 to be poised for 
six-membered ring formation upon Scholl closure, to dibenzo[b,h]perylene (122).  This is a 
similar to the nanocone synthesis (Scheme 9.5). The reaction does occur; however, the major 
product, formed in 87% yield, is a five-membered ring closure to tribenzo[b,j,i]fluoranthene 
(123). 
 
The formation of five-membered ring products in a Scholl reaction has no precedent in the 
literature.  In general, most accounts using the Scholl reaction in synthesis are on systems 
Scheme 9.6: Synthesis of 9,9′-biphentanthryl and cyclodehydrogenation using Scholl chemistry 
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designed to form six-membered rings.  The unique ability to form a more strained ring within a 
PAH system was truly novel and warranted more investigation.  If this reaction could be 
controlled, there would be potential to generate nanocones directly, synthetically installing a 
defect in a graphene sheet, rather than only lengthening the sides of an existing cone.  Extensions 
to even more curved geodesic polyarenes can also be envisioned. 
 
9.2.2: Mechanistic Discussion of the Five-membered Ring Closure of 9,9′-Biphenanthryl (82) 
 
According to Benjamin King’s version of the reaction mechanism, the formation of the five-
membered ring product (123) stems from the generation of an arenium cation.  In order to make 
this reactive species, it is thought that the first step is the protonation to generate the cation.  As 
seen in Scheme 9.4, in a phenyl system, there is only one productive protonation site to facilitate 
cyclization, all others are unproductive or can lead to polymerization.  In the case of PAHs, there 
are multiple sites that could induce closure, and the nature of the PAH can greatly affect the rates 
of protonation.  This additional reactivity can even change the distribution of products.  For 
instance, naphthalene (124), the simplest PAH, is nearly 8 times more readily protonated at C1 
versus C2, as determined by detritiation of each position independently.6  The rates of substitution 
on phenanthrene and other aromatic molecules are even more complex,6 as seen in Figure 9.1. 
 
Figure 9.1: Reactivity (partial rate factors, corrected for statistics) of substituted aromatic 
molecules relative to detritiation of benzene6 
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This unique reactivity of phenanthrene is likely the cause of the five-membered ring closure.  C9 
and C10 are the most reactive positions in the molecule.  Protonation will occur predominantly at 
C10, generating a stable cation at C9 that is doubly benzylic (125, Scheme 9.7).  This site on 
phenanthrene is not capable of cyclizing, therefore, a resonance structure can be drawn in which 
the cation will react from C8 (126) instead.  With the positive charge centered at C8, both 
cyclizations are possible, but as demonstrated by protonation, the C10 position is most reactive, 
and closure to generate 123 is vastly preferred. 
The radical cation mechanism also predicts preferential formation of 123 (Scheme 9.8). The 
initial radical cation should be mostly localized on the central ring (127), but similar to 126 
(Scheme 9.7), position C8 is also electrophilic, as illustrated in resonance structure 128. 
Cyclization from C8 back to C10′ is expected to be the most favorable reaction. Alternatively, the 
radical cation can be depicted as resonance structure 129, in which the electrophilic center at C10 
would be expected to react at the most reactive position it can reach, C8 of the opposite 
phenanthrene.  Both alternatives account for the observed product in this case, 123. 
 
 




9.2.3: Optimization of the Synthesis of Tribenzo[b,j,i]fluoranthene (123) 
 
To better understand the factors controlling the formation of the five-membered ring closure 
product (123) from 9,9′-biphenanthryl (82), the reaction was screened with the three most 
common methods for inducing Scholl cyclizations (AlCl3 with Cu(OTf)2, MoCl5, and FeCl3) . 
The results of these reactions are summarized in Table 9.1.  For this study, 9,9′-biphenanthryl 
(82) was treated with 5 equivalents of the reagents at room temperature, which was found to be 
ideal for Scholl transformations of this type.  The results were measured by 1H NMR integration 
of the crude reaction mixtures.  
 
Scheme 9.8: Proposed radical cation mechanism for the formation of 123 
Table 9.1: Ratios of products and starting material (NMR) from screening the 9,9′-biphenanthryl 
system with various Scholl conditions 
123 122 82 or Cl 123 122 82 or Cl
AlCl3/Cu(OTf)2 
RT in DCM
32% 37% 31% 29% 19% 53%
MoCl5                      
RT in DCM
75% 0% 25% 95% 0% 5%
FeCl3                    
RT in DCM
17% 0% 83%* 6% 0% 94%*
3 days




It can be seen from the table that molybdenum pentachloride in dichloromethane gave the 
cleanest and highest yielding results.  The Scholl reaction, touted as being a powerful 
cyclodehydrogenation method, suffers from the need for powerful Lewis acids and oxidants to 
facilitate closure.   These reagents have a propensity to chlorinate and polymerize the PAHs.  As 
a result, these side reactions significantly affect yields and complicate workup.  Molecules that 
are not soluble in common solvents quickly become inseparable from the chlorinated and 
polymerized solids.  In fact, a time study was performed for a reaction of (82) with molybdenum 
pentachloride, and it was found that the reaction had finished in approximately 1 h.  The spectra 
only broaden over time, suggesting that the large flat molecules are starting to stack or chlorinate 




Figure 9.2: 1H NMR  time study (quenched aliquots) of the conversion of 9,9′-biphentanthryl to 








The reaction of 9,9′-biphenanthryl (82) benefits from some steric encumbrance of C10, 
decreasing chlorination, but other systems that do not have this protection are greatly affected 
(vide infra).  Recently, it has been described, again by Benjamin King, that even the stalwart 
polyphenylated molecules suffer in the Scholl reaction (Scheme 9.9).  In this instance, submitting 
the molecule (130) to Scholl conditions results in rearrangement of the phenyl groups to give the 
undesired product (131) instead of the product (132).7   
 
9.2.4: Controlling Ring Size with the Scholl Reaction 
 
With general insight into the proper structural features needed to facilitate the formation of five- 
or six- membered rings, a series of molecules was synthesized that possessed the potential to 
generate these novel ring systems (Scheme 9.10).  The simplest molecule designed for this 
purpose was 9-phenylphenanthrene (133), in which the only possible closure would produce 
benzo[b]fluoranthene (134).  The next larger molecule, 9-(1-naphthyl)phenanthrene (135), has the 
potential to close to benzo[b]perylene (136) through a six-membered ring closure or two isomers 
of dibenzofluoranthene (137 and 138) by five-membered ring pathways.  Finally, 1,1′-
biphenantryl (139) was synthesized as a control that, unlike 9,9′-biphenanthryl (82), should only 
close to the six-membered ring (122).  The results from all of these reactions were significant 
chlorination and polymerization.  Little to no closure was observed by mass spectrometry, except 
Scheme 9.9: King’s discovery of phenyl rearrangements while using Scholl chemistry 
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in the case of 135.    The likely causes for this are two-fold.  The smaller steric encumbrance of 
133 and 139 potentially allow chlorination at the C9/C10 position of phenanthrene or on the 
phenyl group itself, stopping or diverting the course of the reaction.  The other possibility is the 
increased reactivity of the α−carbons on naphthalene in 135 and the ortho and para positions of 
the phenyl group in 133 aid in polymerization or further chlorination.  Molecule 135 saw some 
closure when treated with aluminum chloride and copper triflate.  This reaction produced 136 in 
9% yield, but the remainder of the material was cyclization and polymerization combined. This is 
likely due to the drastically increased reactivity of the perylene center of the benzo[b]perylene 
product (see Figure 9.1). To circumvent these synthetic problems, strategic substitution was 
needed.  
Scheme 9.10: Initial attempts at designing systems to generate five-membered ring closures 
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Due to the undesired reactions observed for 133, 135, and 139, a new series of molecules was 
synthesized (Scheme 9.11).  Analogs of 133 were designed to both block polymerization and 
increase reactivity required for the five-membered ring closure.  For instance 9-(3,5-
dimethylphenyl)phenanthrene (140) could potentially block chlorination and (it was hoped) 
intermolecular Scholl coupling.  Molecule 140 should also make the two position on the phenyl 
more reactive, facilitating the closure from the cation at C8 of phenanthrene into the five-
membered ring product (141).  The additional dimethylphenyl analog 142 and trimethylphenyl 
molecule 143 were designed according to this same thought process and should result in products 
144 and 145 respectively. Finally, to address the challenges of 135, the napthalene group was 
converted to a bridged alkyl substituent (146).   Not only does this block the polymerization, but 
Scheme 9.11: Modified substrates to block chlorination and polymerization 
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it increases the electron density in the naphthyl ring, making it more prone to protonation.  This 
protonation could promote closure in the opposite direction, onto C10 of the phenanthrene. 
 
Even with the added protection, the reactions of molecules 140, 142, and 143 fail under the best 
conditions for other closures, including MoCl5 in DCM at room temperature.  For 140 the major 
product by mass spectrometry was dimerization.  This is likely due to the enhanced reactivity at 
C4 of the phenyl group gained by adding the methyls.  For 142 and 143 chlorination is the major 
product seen by mass spectrometry and was even observed with reaction times less that 5 
minutes.  The less sterically encumbered 142 likely undergoes chlorination faster than 
dimerization.  Molecule 143 blocks the dimerization pathway altogether, but the presence of three 
methyl substituents makes it extremely reactive (See Figure 9.1).  This blocking methodology, 
however, did work to some extent for 146.  Since polymerization of the closed product was the 
main reason for the low yields in the reaction of 135 (Scheme 9.10), this should have been 
supressed, and indeed product 149 was isolated in 16% yield.  The remaining 84% percent of 
material may be funneling to other products, but none could be definitively identified. 
 
The arenium ion mechanism would require protonation at C7 of the acenaphthyl ring of 146 
to allow for cation formation opposite C10 on the phenanthrene (Scheme 9.12).  It is difficult to 
understand why this site would be protonated in preference to positions C10, C1, and C8 on the 
phenanthrene or to position C4 and C6 on the acenaphthyl moiety (see Figure 9.1). Conversely, 
the radical cation mechanism successfully accounts for the observed 5-membered ring closure. 
Thus, the larger PAH, phenanthrene, is expected to give up an electron most easily. The resulting 
radical cation would then be expected to cyclize readily onto the reactive C6 carbon atom of the 




9.3 Conclusions:  
 
In the pursuit of using the Scholl reaction on PAHs to quickly make graphene sheets, a novel 
five-membered ring closure was observed.  This unique reactivity led to greater insight into the 
mechanism and pitfalls of the Scholl reaction.  The better understanding of reactivity in the 
system, led to the successful design of other molecules, one of which was able to produce another 
example of a five-membered ring closure.  The radical ion mechanism accounts for these 
abnormal Scholl reactions better than the arenium ion mechanism does.  These results suggest 
that large aromatic sheets could be generated using the Scholl reaction on PAHs.  Also, curved 
systems may one day be possible through the Scholl reaction by designing molecules that would 
generate five-membered rings surrounded by six-membered rings.  All of these potential 
applications, however, will rely on the proper choice of PAHs, attached with the correct 
orientations, that will suppress chlorination and polymerization of the products.   
 
Scheme 9.11: Arenium ion intermediate required for the formation of five-membered ring 
product 149 




9.4 Experimental Section: 
 
9.4.1: General Experimental 
 
All commercially available chemicals were used without purification unless otherwise noted.  
Dry solvents were obtained from a Glass Contour solvent purification system. NMR spectra were 
taken in the Boston College Nuclear Magnetic Resonance Center on various Varian instruments.  
NMR shifts are referenced in ppm downfield from TMS, using chloroform-d1 (δH = 7.26 ppm, δC 
= 77.23 ppm) or 1,1,2,2-tetrachloroethane-d2 (δH = 6.00 ppm, δC = 73.78 ppm) as standard 
references unless otherwise noted. Chromatography was performed with Sorbent Technologies or 
Zeochem silica gel (porosity = 60 Å, particle size = 32-63 or 40-63 µm respectively), and 
preparative TLC was performed on 20 cm × 20 cm Analtech silica GF uniplates. Mass 
spectrometry was carried out in the Boston College Mass Spectrometry Center and consisted of 
various ionization sources for TOF spectrometers including ESI, DART, and AP-MALDI in 
either positive or negative ion modes.   
 
9.4.2: General Suzuki Coupling Conditions 
 
Unless otherwise noted, molecules submitted to the Scholl reaction in the chapter were 
synthesized by the Suzuki coupling of 9-bromophenanthrene to a boronic acid coupling partner 






9.4.3: Synthesis of 9,9′-Biphenanthryl (82) 
 
To a flame dried 150 mL pressure vessel was added an 8:1 solution of THF: water (90 mL), 
which was degassed for 30 min by purging with nitrogen.  To the vessel were added 400 mg (1.56 
mmol) of 9-bromophenanthrene (120), 313 mg (1.41 mmol) of 9-phenanthrylboronic acid (121),8 
and 1.17 g (8.6 mmol) of postassium carbonate.  The reaction mixture was stirred until the solids 
dissolved, and 130 mg (0.11 mmol) of tetrakis(triphenylphosphine)palladium were added before 
the vessel was sealed and placed in an oil bath at 90 ºC for 3 d.  The reaction mixture was cooled 
and run through a short pad of silica gel with Et2O, and the filtrate was concentrated to dryness 
under reduced pressure.  The product was isolated with silica gel column chromatography using 
100% hexanes as eluant to give 0.38 g (76%) of a white powder. 
 
mp 189-191 ºC (lit 186-188 ºC)9; 1H NMR (500 MHz, CDCl3) δ ppm 8.82 (t, J = 8.0 Hz, 4H), 
7.93 (d, J = 8.0 Hz, 2H), 7.86 (s, 2H), 7.74 (dd, J = 8.0, 1.5 Hz, 2H), 7.68-7.63 (m, 4H), 7.51 (d, 
J = 8.0 Hz, 2H), 7.38 (dd, J = 8.0, 1.5 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ ppm 137.2, 
132.2, 131.7, 130.35, 130.30, 128.7, 128.5, 127.6, 126.9, 126.8, 126.6, 126.5, 122.8, 122.7; UV-
vis CH2Cl2 λmax (ε, cm-1 M-1) 234 (sh, 27000), 250 (sh, 44000), 260 (47000), 278 (sh, 31000), 290 






















































































9.4.4: Synthesis of 9-Phenylphenanthrene (133) 
 
The coupling of 400 mg (1.56 mmol) of 9-bromophenanthrene and 171.9 mg (1.41 mmol) of 
phenylboronic acid with 0.3 equiv of tetrakis(triphenylphosphine)palladium and 6 equiv of 
potassium carbonate was run for 1 d according to the procedure in 9.4.3 to give 0.32 g (79% 
yield) of material. 
 
The spectral data match those found in the literature.10 
 
mp 104-105 oC (lit. 104-106 oC)11 1H NMR (400 MHz, CDCl3) δ ppm 8.79 (d, J = 7.6 Hz, 1H), 
8.73 (d, J = 8.0 Hz, 1H), 7.92 (dd, J = 8.0, 1.2, 1H), 7.90 (dd, J = 7.6, 1.2, 1H) 7.70-7.60 (m, 4H), 
7.50 (m, 6H); 13C NMR (100 MHz, C2D2Cl4) δ ppm 140.4, 138.6, 131.3, 130.8, 130.3, 129.9 









































































































9.4.5: Synthesis of 9-(1-Naphthyl)phenanthrene (135) 
 
The coupling of 400 mg (1.56 mmol) of 9-bromophenanthrene and 242.5 mg (1.41 mmol) of 1-
naphthylboronic acid with 0.3 equiv of tetrakis(triphenylphosphine)palladium and 6 equiv of 
potassium carbonate was run for 1 d according to the procedure in 9.4.3 to give 0.28 g (64% 
yield) of material. 
 
The proton NMR spectrum matches that found in the literature.12 
 
mp 127-129 oC (lit 126-127)13 13C NMR (100 MHz, C2D2Cl4) δ ppm 138.1, 136.9, 133.3, 132.7, 
131.9, 131.4, 130.0, 129.9, 128.6, 128.4, 128.1, 128.0, 127.8, 127.3, 126.9, 126.8, 126.6, 126.50, 










































































































9.4.6: Synthesis of 1-Phenanthrylboronic Acid 
 
To a flame dried 15 mL round bottom flask were added 200 mg (0.8 mmol) of 1-
bromophenanthene8 and 2 mL of dry THF.  The solution was cooled to -78 ºC, and 1.1 mL (1.5 
mmol) of 1.4 M n-butyllithium were added dropwise via syringe over 5 min.  The reaction 
mixture was stirred at -78 ºC for 1 h, and 0.2 mL (1.7 mmol) of triisopropyl borate were added.  
For 0.5 h the mixture was stirred before the bath was dropped, and the system was allowed to 
warm to room temperature and stir for an additional 0.5 h.   The reaction mixture was then 
quenched with 10 mL of 6 M HCl and extracted with ether.  The organic layer was washed with 2 
× 50 mL of 10% HCl solution, 2 × 50 mL of H2O, and 50 mL of brine before being dried over 
MgSO4.  The product was concentrated to dryness under reduced pressure to give 0.19 g of 
yellow oil.  The product was combined with a 400 mg run and purified on a silica gel column 
using 100% hexanes to flush starting materials, followed by 100% acetone to retrieve any boronic 
acid.  This method significantly decreases yields and resulted in 314.2 mg (59% yield) of still 
crude material.  This solid was taken on directly to the Suzuki coupling reaction. 
 
9.4.7: Synthesis of 1,1′-Biphenanthryl (139)  
 
The coupling of 200 mg (0.78 mmol) of 1-bromophenanthrene and 160.5 mg (0.70 mmol) of 1-
phenanthrylboronic acid with 0.3 equiv of tetrakis(triphenylphosphine)palladium and 6 equiv of 
potassium carbonate was run for 1 d according to the procedure in 9.4.3 to give 0.11 g (45% 
yield) of material. 
 




1H NMR (400 MHz, CDCl3) δ ppm 8.86 (d, J = 8.8 Hz, 2H), 8.82 (d, J = 9.2 Hz, 2H), 7.85 (d, J 
= 7.6 Hz, 2H), 7.80 (dd, J = 7.2, 8.4 Hz, 2H), 7.71 (t, J =6.8 Hz, 2H), 7.64 (dd, J = 6.8, 1.2  Hz, 


























































9.4.8: Synthesis of 9-(3,5-Dimethylphenyl)phenanthrene (140) 
 
The coupling of 943.0 mg (3.67 mmol) of 9-bromophenanthrene and 500.0 mg (3.33 mmol) of 
3,5-dimethylphenylboronic acid with 0.1 equiv of tetrakis(triphenylphosphine)palladium and 6 
equiv of potassium carbonate was run for 1 d according to the procedure in 9.4.3 to give 0.44 g 
(47% yield) of material. 
 
mp 94-97 oC 1H NMR (300 MHz, CDCl3) δ ppm 8.78 (d, J = 8.4 Hz, 1H), 8.73 (d, J = 8.1 Hz, 
1H), 7.95 (dd, J = 8.4, 0.9 Hz, 1H), 7.89 (dd, J = 7.5, 2.4 Hz, 1H), 7.73-7.58 (m, 4H), 7.55 (ddd, 
J = 8.2, 6.9, 1.2. Hz, 1H), 7.17 (s, 2H), 7.11 (s, 1H), 2.43 (s, 6H); 13C NMR (100 MHz, 
C2D2Cl4) δ ppm 140.3, 138.8, 137.7 (2C), 131.4, 131.0, 130.3, 129.6, 128.9, 128.6, 127.8 (2C), 
127.2, 127.0, 126.8, 126.50, 126.45, 126.40, 122.8, 122.4, 21.4; HRMS (DART) calcd. For 










































































































9.4.9: Synthesis of 9-(3,4-Dimethylphenyl)phenanthrene (142) 
 
The coupling of 1.00 g (3.89 mmol) of 9-bromophenanthrene and 502.4 mg (3.35 mmol) of 3,4-
dimethylphenylboronic acid with 0.1 equiv of tetrakis(triphenylphosphine)palladium and 6 equiv 
of potassium carbonate was run for 1 d according to the procedure in 9.4.3 to give 0.57 g (51.5% 
yield) of material. 
 
1H NMR (300 MHz, C2D2Cl4) δ ppm 8.78 (d, J = 8.1 Hz, 1H), 8.73 (d, J = 8.1 Hz, 1H), 8.01 (d, 
J = 8.1 Hz, 1H), 7.91 (dd, J = 7.2, 1.5 Hz, 1H), 7.8-7.6 (m, 4H), 7.57 (ddd, J = 8.1, 7.2, 1.2 Hz, 






























































9.4.10: Synthesis of 3,4,5-Trimethylphenyl Triflate  
 
To a flame dried 15 mL round bottom flask under nitrogen were added 500 mg (3.7 mmol) of 
3,4,5-trimethylphenol and 7 mL of pyridine.  The reaction mixture was brought to 0 ºC in an ice 
bath, and 0.7 mL (4.0 mmol) of trifluoromethanesulfonic anhyridride  were added dropwise over 
15 min.  The reaction mixture was stirred for 1 d at room temperature and then poured into water 
and extracted with ether.  The organic layer was washed with 2 × 50 mL 10% HCl solution, 2 × 
50 mL H2O, and 50 mL brine before being dried over MgSO4. The product was concentrated to 
dryness under reduced pressure to give 818.1 mg (83% yield) of a brown oil. 
 
1H NMR (400 MHz, CDCl3) δ ppm 6.91 (s, 2H), 2.31 (s, 6H), 2.16 (s, 3H) 
 
9.4.11: Synthesis of 9-(3,4,5-Trimethylphenyl)phenanthrene (143)  
 
The coupling of 713.0 mg (2.66 mmol) of 9-phenanthrylboronic acid and 590.2 mg (2.66 mmol) 
of 3,4,5-trimethylphenyltriflate with 0.3 equiv of tetrakis(triphenylphosphine)palladium and 3 
equiv of potassium carbonate was run for 4 d with a solvent system of 4:4:1 toluene:ethanol:water 
equaling 90 mL and otherwise according to the procedure in 9.4.3 to give 0.56 g (71% yield) of 
material. 
 
mp 91-93 oC 1H NMR (400 MHz, CDCl3) δ ppm 8.68 (d, J = 8.0 Hz, 1H), 8.63 (d, J = 8.0 Hz, 
1H), 7.90 (dd, J = 8.4, 1.2 Hz, 1H), 7.79 (dd, J = 7.6, 1.6 Hz, 1H), 7.61-7.49 (m, 4H), 7.45 (ddd, 
J = 8.0, 6.8, 1.2 Hz, 1H), 7.12 (s, 2H), 2.31 (s, 6H), 2.21 (s, 3H); 13C NMR (100 MHz, 
C2D2Cl4) δ ppm 138.8, 137.2, 136.3, 134.2, 131.4, 131.0, 130.3, 129.5, 129.1, 128.5, 127.2, 
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127.1, 126.8, 126.4 (2C), 126.3, 122.8, 122.4, 20.7, 15.3; HRMS (DART) calcd. For C23H21 





































































































9.4.12: Synthesis of 9-(1-Acenaphthyl)phenanthrene (146) 
 
The coupling of 428.6 mg (1.67 mmol) of 9-bromophenanthrene and 300.0 mg (1.52 mmol) of 1-
acenaphthylboronic acid*  with 0.1 equiv of tetrakis(triphenylphosphine)palladium and 6 equiv of 
potassium carbonate was run for 3 d according to the procedure in 9.4.3 to give 0.39 g (71.5% 
yield) of material. 
 
mp 124-126 oC 1H NMR (400 MHz, CDCl3) δ ppm 8.81 (d, J = 8.8 Hz, 1H), 8.79 (d, J = 8.8 Hz, 
1H), 7.90 (d, J = 8.0 Hz, 1H), 7.78 (s, 1H), 7.76-7.61 (m, 3H), 7.58 (d, J = 8.0 Hz, 2H), 7.54 (d, J 
= 7.2 Hz, 2H), 7.46-7.37 (m, 2H), 7.29 (d, J = 7.2 Hz, 2H), 7.18 (d, J = 7.2 Hz, 1H), 3.52 (s, 
4H); 13C NMR (100 MHz, C2D2Cl4) δ ppm 146.0, 145.8, 139.0, 136.6, 133.3, 131.8, 131.4, 
130.9, 130.0, 129.8, 129.5, 128.5, 128.3, 127.8, 127.3, 126.8 , 126.5, 126.35, 126.30, 122.6, 
122.4, 121.2, 119.2, 119.0, 30.5, 30.1; HRMS (DART) calcd. For C26H19 [M+1]+ 331.1487, 
found 331.1488 
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9.4.13:General Scholl Conditions  
 
It was found that for cyclodehydrogenation of these systems that 5 eq of Scholl reagent at a 
concentration of approximately 3 × 10-2 M run at room temperature gave the best results.  Unless 
otherwise indicated, reactions were run with these conditions and followed the general procedure 
described below for the synthesis of tribenzo[b,j,i]fluoranthene (123).
 
 
9.4.14: Synthesis of Tribenzo[b,j,i]fluoranthene (123) 
 
To a flame dried 25 mL round bottom flask were added 50 mg (0.14 mmol) of 9,9′-biphenanthryl 
(82) and 5 mL of dry DCM.  The solvent was purged with nitrogen for several minutes and 193.1 
mg (0.71 mmol) of molybdenum pentachloride were added.  The reaction mixture was 
continuously purged with nitrogen while DCM was added to maintain volume for 1 h.  It was 
later found that evaporation of the DCM could be minimized by presaturating the nitrogen purge 
gas with DCM.  Methanol was added to quench the molybdenum.  Excess DCM was added, and 
the organic layer was washed with 3 × 200 mL of 10% HCl solution, followed by 2 × 200 mL of 
water and a single brine wash.  The organic layer was dried over magnesium sulfate and 
concentrated to dryness under reduced pressure.  The product was isolated by silica gel column 
chromatography with 3:1 hexanes:DCM as eluant to give 42.7 mg (87% yield) of a yellow solid. 
 
mp 245-248 ºC;  1H NMR (500 MHz, C2D2Cl4) δ ppm 8.92 (d, J = 8.0 Hz, 1H), 8.86 (d, J = 8.0 
Hz, 1H), 8.76 (s, 1H), 8.73 (d, J = 8.0 Hz, 2H), 8.62 (d, J = 8.0 Hz, 1H), 8.50 (d, J = 7.5 Hz, 1H), 
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8.45 (d, J = 8.0 Hz, 1H), 8.10 (d, J = 8.0 Hz, 1H), 7.79-7.62 (m, 7H);  13C NMR (125 MHz, 
C2D2Cl4) δ ppm 137.6, 135.8, 135.7, 134.0, 132.5, 131.9, 131.2, 130.85, 130.80, 130.7, 129.8, 
129.6, 128.5, 128.0, 127.7, 127.5, 127.25, 127.20, 126.9, 126.85, 126.6, 125.2, 125.0, 123.90, 
123.85, 123.80, 123.1, 122.1; UV-vis CH2Cl2 λmax (ε, cm-1 M-1) 240 (sh, 37000), 258 (59000), 278 
(sh, 24000), 305 (sh, 19000), 326 (28000), 344 (18000), 362 (10000), 380 (12000), 398 (7800); 




































































































9.4.15: Synthesis of Benzo[b]perylene (136) 
 
To a flame dried 15 mL pressure vessel were added 100 mg (0.33 mmol) of 9-(1-
naphthyl)phenanthrene (135), 10 mL of carbon disulfide, 218 mg (1.7 mmol) of aluminum 
chloride, and 600 mg (1.7 mmol) of copper triflate.  The vessel was sealed, and the reaction was 
run at 50 ºC in an oil bath for 1 d.  The reaction mixture was concentrated to dryness under 
reduced pressure and then taken up in hexanes.  Any solid was filtered off, and the filtrate was 
again concentrated to dryness.  The product was isolated from the filtrate material by purification 
with silica gel column chromatography using 100% hexanes as the eluant to give 9.5 mg (9% 
yield) of 136.  No other monomeric products were isolable from the reaction mixture. 
 



























































9.4.16: Synthesis of Dibenzo[j,l]acefluoranthene (149) 
 
To a 100 mL flame dried round bottom flask were added 50.0 mg (0.15 mmol) of 9-(1-
acenaphthyl)phenanthrene, 50 mL of DCM, and 207.8 mg (0.76 mmol) of molybdenum 
pentachloride according to the procedure for the synthesis of tribenzo[b,j,i]fluoranthene (123) in 
9.4.12. The reaction was run for 1 h.  Chromatography on on a short column of silica gel with 
100% hexanes gave 7.9 mg (16% yield) of (149).  No other monomeric products were isolable 
from the reaction mixture. 
 
mp 66-68 ºC; 1H NMR (400 MHz, C2D2Cl4) δ ppm 8.90 (d, J = 7.6 Hz, 2H), 8.81 (d, J = 8.8 Hz, 
2H), 8.55 (d, J = 6.8 Hz, 2H), 7.79 (t, J = 7.2 Hz, 2H), 7.71 (t, J = 7.6 Hz, 2H), 7.61 (d, J = 6.8 
Hz, 2H), 3.59 (s, 4H); UV-vis CH2Cl2 λmax 232, 252, 290 sh, 300 sh, 318, 334, 356, 382, 404; 
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Chapter 10: Closing Remarks 
 
10.1: Dissertation Summary 
 
The overarching theme of this dissertation is best summed up in a quote by Izaak Maurits 
Kolthoff, a long time professor of chemistry at the University of Minnesota, who stated, “Theory 
guides, experiment decides,”1 as his motto.  The work presented here demonstrates how the 
incorporation of computational tools to guide and streamline synthetic ideas can pay off 
tremendously.  In an effort to controllably grow flat aromatic systems and develop methods for 
synthesizing single-chirality carbon nanotubes, several distinctly unique concepts were unveiled.   
The guiding theory behind these discoveries was that armchair carbon nanotubes could be grown 
by a Diels-Alder cycloaddition/rearomatization pathway.  Computations suggested using a test 
system larger than perylene and led to the development of dimesitylbisanthene (10, Chapter 2).  
This test molecule ended up being a multi-faceted platform for chemistry.   
 
Dimesitylbisanthene (10) was subsequently used to advance the design of masked acetylenes and 
develop nitroethylene (67), which is a superior reagent to common acetylene equivalents for the 
generation of new benzene rings (Chapter 4).  In addition, 10 could be grown with any number of 
dienophiles – such as benzyne, naphthyne, or benzoquinone (102) – into large polycyclic 
aromatic hydrocarbons (Chapters 4, 5, and 8) or conjugated polymers with the potential of being 
converted to soluble graphene ribbons (Chapter 7).  The unique propensity of 10 to oxidize at the 
bay-regions (Chapter 6) even spawned an investigation into the reactivity of other bay-regions, 
including polycyclic aromatic hydrocarbons and the edges of carbon nanotubes.  This study of the 
effects of length, terminus, and diameter on the Diels-Alder addition to a growing armchair 
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nanotube, showed unique periodicity trends in the activation energies that may help guide the first 
attempts at growing nanotubes from aromatic templates (Chapter 3).  All of these discoveries at 
their basic level came from the conviction that organic chemistry can play a useful role in 
providing a homogenous route to carbon nanotubes. 
 
10.2: Projects Not Represented in the Main Body of Text 
 
Some other ideas did not come to fruition experimentally, and therefore, did not make it into the 
main body of the dissertation.  These concepts remain steeped in theory, but warrant a brief 
mention here.  The two main projects concern the formation and degradation of fullerenes. 
Drawing on a desire to control the development of materials in a logical synthetic manner, these 
two routes seek to access molecules that are difficult to obtain by other means.  The sought after 
structures are unstable isolated pentagon fullerenes (10.2.1) and an armchair belt (10.2.2) that 
would be nearly impossible to achieve through a bottom up synthetic approach. The final idea 
centers on the fact that chiral carbon nanotubes with the proper edge construction could utilize the 
cycloaddition/rearomatization strategy to generate conducting or semi-conducting nanotubes. 
 
10.2.1: Anionic Closure to form Unstable Fullerenes 
 
The majority of knowledge regarding fullerenes comes from the study of stable neutral molecules 
most commonly found in the soot from nanotube and fullerene production.2,* These fullerenes 
generally follow the isolated pentagon rule (IPR), which requires that none of the 12 five-
membered rings in the fullerene share an edge with another five-membered ring.  There are, 
                                               
 
*
 See Chapter 1 for a description of fullerene and nanotube production techniques 
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however, some fullerenes that obey the IPR, but have a half-filled degenerate HOMO and are 
thereby too reactive to be isolated.  One such fullerene is C80 (150, Scheme 10.1).  C80 would not 
be stable in its neutral form, but if it could be directly synthesized as its dianion, the resulting 
species should be stable.  A molecule that maps onto C80, such as ribbon 151 (Scheme 10.1), 
could potentially be zipped up in an anionic cascade to generate the C80 dianion in one step.  This 
thought process has origins in the finding that indenocorannulene will make a stable dimer only 
in the dianion form3a,b  and that cyclodehydrogenation of PAHs such as [5] helicene can be 
promoted by alkali metals.3c,d 
 
10.2.2: Chemical Surgery of C70 to Generate a [5,5] Nanotube Belt 
 
As discussed in Chapters 1 and 3, armchair carbon nanotube belts could be used as templates for 
nanotube growth.  It was found that small diameter belts will be highly strained and likely have 
higher activation energies for Diels-Alder cycloaddition. This strain may be the reason why 
researchers have yet to be successful at forming fully fused armchair belts.  Most synthetic 
approaches to belts start with non-aromatic precursors to form the macrocycle and then 
Scheme 10.1: Retrosynthesis of unstable fullerene C80 in its stable dianion form by stitching up a 




rearomatize the system stepwise to incrementally increase the strain.  The final rearomatization is 
often the step where these approaches fail.4  
 
One way of circumventing this rearomatization problem is to start with a fully aromatic belt.  
This may seem illogical, since the belt is the intended final product; however, C70 and other 
fullerenes have a central core equator that comprises an aromatic belt (152, Scheme 10.2).  An 
approach that chemically cleaves the top and bottom off of C70 would result in an already 
aromatic [5,5] armchair belt (153).  Chemical approaches to cut into C60 have already been 
demonstrated.5 C70 has even greater curvature than C60, and this strain is centered on the top and 
bottom bonds rather than the sides.  This structural characteristic could potentially provide a 
handle for the insertion of metals into the bonds,6a leaving behind hydrocarbon edges.6b  
 
10.2.3: Strategy for the Synthesis of a Single-Chirality Chiral Carbon Nanotube 
 
None of the templates for nanotube growth described in Chapter 1 take into consideration that the 
cycloaddition/rearomatization strategy may potentially be applicable to generating chiral tubes.  
The armchair nanotube is currently the most enticing target because a synthesis capable of 
designing any diameter [n,n] tube, will result in a conductive material.  Synthesizing a chiral 
Scheme 10.2: Controlled top-down “synthesis” of a [5,5] carbon nanotube belt by chemical 




nanotube forces the researcher to choose to pursue a conducting or semi-conducting orientation. 
Success or failure in growing a tube with its own distinct edge, synthesis, and specific chirality 
might provide little information regarding the synthesis, properties, or reactivity of other tubes in 
the n ≠ m series.   
 
In the future, if the reagents and strategy for nanotube growth are successful, the possibility 
remains for synthesizing chiral nanotubes from aromatic templates.   The key consideration being 
that the bay-region or regions of the nanotube edge must face in the same direction relative to the 
chiral ring orientation.  If bay regions begin to form new rings in opposite directions the growth 
will result in a non-productive, polymerization stopping, cove region.  However, if the bay-region 
is designed so that the growth can continue spiraling indefinitely as the tube grows, this 
methodology may someday be successful (Scheme 10.3). 
 
10.3:  Conclusions 
 
The field of nanotechnology is rapidly advancing, and the materials in this dissertation describe 
how these advancements might benefit from the synthetic tools of organic chemistry.  If the world 
is ever to see the benefits of exploring the realm of nanoscale materials, those materials need to 
be brought back up to the macroscale.  There is indeed “plenty of room at the bottom,” as Richard 
Scheme 10.3: Potential growth of a chiral nanotube with the proper edge construction, 




Feynman said,7 but we live our daily lives somewhere in the middle.  The purpose for exploring 
these small things must eventually be to use the knowledge on a larger scale.  A cellular phone 
made from carbon nanotubes will likely still need to be dialed with a human finger.   
 
The work in this dissertation is a step toward advancing the control of these nanoscale materials.  
With well thought out theoretical studies, backed by experiment, some of the difficulties plaguing 
the advancement of nanotechnologies may one day be overcome. The findings in this research 
may one day contribute to the ability to synthesize single-chirality carbon nanotubes, soluble 
graphene sheets, and new structures for single molecule electronics, propelling the field forward. 
These discoveries are in addition to predicting changes in reactivity as nanotubes grow, 
overcoming and anticipating oxidation of materials, and finding new ways to incorporate strain 
into properly designed systems.  All of this knowledge, combined with the ongoing research 
throughout the world, will surely provide for an exciting future. 
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Appendix A: XYZ Coordinates for Calculations 
 
Appendix A.1: Molecules Presented in Chapter 2 
 
Details of the calculations for the first and second Diels-Alder cycloadditions to phenanthrene (5) and the periacenes (1, 2, and 9) in 
Figure 2.2 and X,Y,Z coordinates of all starting materials and transition states (TS) 
 
All calculations were performed using density functional theory at the B3LYP/6-31G* level, employing the programs in Spartan. 
Complete vibrational analyses were performed to confirm that all starting materials have no imaginary frequencies and that all 
transition states have one imaginary frequency. 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for acetylene 
 
ATOM    X   Y   Z 
1 C         0.000000         0.000000        -0.602478 
2 C         0.000000          0.000000          0.602478 
3 H         0.000000          0.000000          1.669137 
4 H         0.000000          0.000000          -1.669137 
 
Energy = -77.325652483 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for phenanthrene (5) 
 
ATOM    X   Y   Z 
1 H         4.648017         0.000000          -0.244077 
2 C         3.561788          0.000000          -0.268939 
3 H         3.347732          0.000000         1.866486 
4 C         2.837237          0.000000         0.906192 
5 C         1.500564          0.000000         -1.539215 
6 C         1.423123          0.000000         0.892870 
7 C         2.883015          0.000000         -1.501380 
8 C         0.729022          0.000000         -0.353699 
9 C         0.679690          0.000000         2.120424 
10 H         3.446573          0.000000         -2.430429 
11 H         -1.007649          0.000000         -2.505398 
12 H         1.007649          0.000000         -2.505398 
13 C         -0.679690          0.000000         2.120424 
14 H         1.231903          0.000000         3.057165 
15 H         -1.231903          0.000000         3.057165 
16 C         -1.423123          0.000000         0.892870 
17 C         -2.837237          0.000000         0.906192 
18 C         -0.729022          0.000000         -0.353699 
19 C         -3.561788          0.000000         -0.268939 
20 H         -3.347732          0.000000         1.866486 
21 H         -4.648017          0.000000         -0.244077 
22 C         -2.883015          0.000000         -1.501380 
23 H         -3.446573          0.000000         -2.430429 
24 C         -1.500564          0.000000         -1.539215 
 
Energy = -539.538746857 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the 
acetylene + phenanthrene (5) TS 
 
I Atom    X   Y   Z 
1 C         1.078971          2.200725         0.629456 
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2 C         -0.492953          1.144334         1.416359 
3 H         1.594156          2.552376         1.503699 
4 C         -0.492953          1.144334         -1.416359 
5 C         -0.376857          -0.106485         -0.703322 
6 C         -0.376857          -0.106485         0.703322 
7 C         -0.446630          1.109917         2.846203 
8 H         1.137695          1.909100         0.985513 
9 H         -1.137695          1.909100         -0.985513 
10 C         -0.446630          1.109917         -2.846203 
11 C         1.078971          2.200725         -0.629456 
12 C         0.143828          -2.521054         -0.679528 
13 H         0.337476          -3.437927         -1.231315 
14 H         1.594156          2.552376         -1.503699 
15 C         -0.161813          -0.059835         -3.518386 
16 H         -0.628545         2.027438         -3.400459 
17 H         -0.107866          -0.061135         -4.604332 
18 C         0.025945          -1.266961         -2.817879 
19 C         -0.071912          -1.308796         -1.427577 
20 H         0.243897          -2.181696         -3.364461 
21 C         0.143828          -2.521054         0.679528 
22 H         0.337476          -3.437927         1.231315 
23 C         -0.161813          -0.059835         3.518386 
24 H         -0.628545          2.027438         3.400459 
25 H         -0.107866          -0.061135         4.604332 
26 C         0.025945          -1.266961         2.817879 
27 C         -0.071912          -1.308796         1.427577 
28 H         0.243897         -2.181696         3.363461 
 
Energy = -616.7943824 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for perylene (1) 
 
ATOM    X   Y   Z 
1 H         4.662131         1.217944         0.000000 
2 C         3.575177         1.232538         0.000000 
3 H         4.662131         -1.217944         0.000000 
4 C        2.874300         0.000000         0.000000 
5 C         1.479241         2.426879         0.000000 
6 C         1.439517         0.000000         0.000000 
7 C         2.885526         2.422379         0.000000 
8 C         0.738208         1.249451         0.000000 
9 C         0.738208         -1.249451         0.000000 
10 H         3.420498         3.368198         0.000000 
11 H         -0.977096         3.387509         0.000000 
12 H         0.977096         3.387509         0.000000 
13 C         -0.738208         -1.249451         0.000000 
14 C         1.479241         -2.426879        0.000000 
15 H        3.420498         -3.368198         0.000000 
16 C         -1.439517         0.000000         0.000000 
17 C         -2.874300         0.000000         0.000000 
18 C         -0.738208         1.249451         0.000000 
19 C         -3.575177         1.232538         0.000000 
20 C         -3.575177         -1.232538         0.000000 
21 H         -4.662131         1.217944         0.000000 
22 C         -2.885526         2.422379         0.000000 
23 H         -3.420498         3.368198         0.000000 
24 C         -1.479241         2.426879         0.000000 
25 H         -4.662131         -1.217944         0.000000 
26 C         -2.885526         -2.422379         0.000000 
27 H         -3.420498         -3.368198         0.000000 
28 C         -1.479241         -2.426879         0.000000 
29 H         -0.977096         -3.387509         0.000000 
30 C         3.575177         -1.232538         0.000000 
31 H         0.977096         -3.387509         0.000000 




Energy = -769.406318754 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the 
acetylene + perylene (1) TS 
 
I Atom    X   Y  Z 
1 C         0.638483         3.010612         -1.265374 
2 C         1.422100         2.037901         0.496459 
3 H         1.565981         3.266506         -1.739804 
4 C         -1.415003        2.045376         0.486626 
5 C         -0.709968         0.808251         0.444288 
6 C         0.711115         0.804444         0.448932 
7 H         -3.386602         2.977777         0.533754 
8 H         0.975974         2.874694         1.023775 
9 H         -0.967733         2.880495         1.015626 
10 H         -4.625535         0.877957         0.197173 
11 C         -0.611011         3.016148         -1.269357 
12 C         -3.538830        0.876533         0.243891 
13 C         -1.429902         -0.413003         0.221218 
14 H         -1.533461         3.281902         -1.747979 
15 C         -2.857276         -0.384354         0.137358 
16 C         -0.737686         -1.654269         0.089902 
17 C         3.556382         -1.597319         -0.048817 
18 C         0.728656         -1.656907         0.085156 
19 C         1.426088         -0.419590         0.224927 
20 C         1.479461         -2.827412         -0.093257 
21 C         -3.565236         -1.583717         -0.043151 
22 C         2.853779         -0.396909         0.144471 
23 C         3.541455         0.859515         0.263075 
24 H         4.641478         -1.572930         -0.112925 
25 C         2.860557         2.021708         0.447845 
26 H         4.628455         0.854971         0.223914 
27 C         -2.853133         2.036063         0.428696 
28 H         3.397400         2.960988         0.556807 
29 H         -4.650163         -1.555440         -0.108794 
30 C         -2.886789         -2.791398         -0.134036 
31 H         -3.437354         -3.718796         -0.266120 
32 C         -1.493936         -2.823962         -0.068818 
33 H         3.418848         -3.727663         -0.306708 
34 H         -0.997997         -3.784371         -0.152282 
35 H         0.978991         -3.783606         -0.196453 
36 C         2.872412         -2.800196         -0.159017 
 
Energy = -846.6841311 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for benzo[ghi]perylene (7) 
 
ATOM    X   Y   Z 
1 H         4.627831         0.000000         -0.970180 
2 C         3.540576         0.000000         -0.971025 
3 H         4.656590         0.000000         1.485472 
4 C        2.860408         0.000000         0.291134 
5 C         1.418184         0.000000         -2.159672 
6 C         1.431360         0.000000         0.312646 
7 C         2.849741         0.000000         -2.145106 
8 C         0.713645         0.000000         -0.927002 
9 C         0.734680         0.000000         1.559374 
10 H         3.377157         0.000000         -3.096002 
11 C         0.687325         0.000000         -3.374111 
12 C         -0.687325         0.000000         -3.374111 
13 C         -0.734680         0.000000         1.559374 
14 C         1.490289         0.000000         2.737877 
15 H         3.438063         0.000000         3.649174 
16 C         -1.431360         0.000000         0.312646 
17 C         -2.860408         0.000000         0.291134 
18 C         -0.713645         0.000000         -0.927002 
A4 
 
19 C         -3.540576         0.000000         -0.971025 
20 C         -3.569594         0.000000         1.505889 
21 H         -4.627831         0.000000         -0.970180 
22 C         -2.849741         0.000000         -2.145106 
23 H         -3.377157         0.000000         -3.096002 
24 C         -1.418184         0.000000         -2.159672 
25 H         -4.656590         0.000000         1.485472 
26 C         -2.887602         0.000000         2.712310 
27 H         -3.438063         0.000000         3.649174 
28 C         -1.490289         0.000000         2.737877 
29 H         -0.995785         0.000000         3.702758 
30 C         3.569594         0.000000         1.505889 
31 H         0.995785         0.000000         3.702758 
32 C         2.887602         0.000000         2.712310 
33 H         1.234823         0.000000         -4.313536 
34 H         -1.234823         0.000000         -4.313536 
 
Energy = -845.654640420 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the 
acetylene + benzo[ghi]perylene (7) TS 
 
I Atom    X   Y   Z 
1 C         0.630586         3.288356         -1.278229 
2 C         1.428465         2.345860         0.460738 
3 H         1.540307         3.558199         -1.779363 
4 C         -1.419933         2.350563         0.459435 
5 C         -0.706657         1.111024         0.438448 
6 C         0.710866         1.108823         0.438693 
7 H         -3.402653         3.252089         0.512240 
8 H         0.992245         3.185796         0.993447 
9 H         -0.981745         3.188328         0.994050 
10 H        -4.620900         1.136986         0.215902 
11 C         -0.621877         3.289054         -1.276890 
12 C         -3.533757         1.142547         0.253944 
13 C         -1.424277         -0.111695         0.240946 
14 H         -1.530533         3.561990         -1.778487 
15 C         -2.843491         -0.106934         0.165923 
16 C         -0.715473         -1.344000         0.118367 
17 C         3.525530         -1.350576         0.011166 
18 C         0.711288         -1.346341         0.118650 
19 C         1.424286         -0.116263         0.241295 
20 C         1.420571         -2.569953         -0.035996 
21 C         -3.529846         -1.339412         0.011430 
22 C         2.843452         -0.115944         0.166202 
23 C         3.537875         1.131365         0.253784 
24 H         4.611920         -1.343557         -0.038060 
25 C         2.863978         2.308102         0.415378 
26 H         4.624947         1.122268         0.214718 
27 C         -2.855913         2.317251         0.414835 
28 H         3.413701         3.241175         0.512586 
29 H         -4.616272         -1.328820         -0.036842 
30 C         -2.847495         -2.530206         -0.077540 
31 H         -3.390987         -3.464835         -0.193162 
32 C         -1.428955         -2.565285         -0.036329 
33 H         3.379687         -3.475713         -0.193327 
34 C         -0.691172         -3.779627         -0.160373 
35 C         0.678704         -3.782001         -0.160055 
36 C         2.839263         -2.539358         -0.077219 
37 H         1.224364         -4.716784         -0.264935 
38 H         -1.240099         -4.713475         -0.265370 
 
Energy = -922.9260474 hartrees 
 




ATOM    X   Y   Z 
1 H         4.590506         3.431451         0.000000 
2 C         3.646345         2.893675         0.000000 
3 H         2.438215         4.665513         0.000000 
4 C         2.457833         3.578759         0.000000 
5 C         2.486819         0.735957         0.000000 
6 C         1.221996         2.871982         0.000000 
7 C         3.658383         1.483189         0.000000 
8 C         1.229805         1.431546         0.000000 
9 C         0.000000         3.552217         0.000000 
10 H         4.621766         0.986144         0.000000 
11 H         4.621766         -0.986144         0.000000 
12 C         2.486819         -0.735957         0.000000 
13 C         -1.221996         2.871982         0.000000 
14 H         0.000000         4.639896         0.000000 
15 C         -2.457833         3.578759         0.000000 
16 C         -1.229805         1.431546         0.000000 
17 H         4.590506         -3.431451         0.000000 
18 C         0.000000         0.725819         0.000000 
19 C         -3.646345         2.893675        0.000000 
20 H         -2.438215         4.665513         0.000000 
21 H         -4.590506         3.431451         0.000000 
22 C         -3.658383         1.483189         0.000000 
23 H         -4.621766         0.986144         0.000000 
24 C         -2.486819         0.735957         0.000000 
25 C         1.229805         -1.431546         0.000000 
26 H         0.000000         -4.639896         0.000000 
27 C         0.000000         -0.725819         0.000000 
28 C         2.457833         -3.578759         0.000000 
29 C         1.221996         -2.871982         0.000000 
30 C         -1.229805         -1.431546         0.000000 
31 C         -2.486819         -0.735957         0.000000 
32 H         2.438215         -4.665513         0.000000 
33 C         3.658383         -1.483189         0.000000 
34 C         -3.658383         -1.483189         0.000000 
35 H         -4.621766         -0.986144         0.000000 
36 C         -3.646345         -2.893675         0.000000 
37 H         -4.590506         -3.431451         0.000000 
38 C         -2.457833         -3.578759        0.000000 
39 H         -2.438215         -4.665513         0.000000 
40 C         -1.221996         -2.871982         0.000000 
41 C         0.000000         -3.552217         0.000000 
42 C         3.646345         -2.893675         0.000000 
 
Energy = -1075.502982381 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the 
acetylene + bisanthene (2) TS 
 
ATOM    X   Y   Z 
1 H         4.590506         3.431451         0.000000 
2 C        3.646345         2.893675         0.000000 
3 H         2.438215         4.665513         0.000000 
4 C         2.457833         3.578759         0.000000 
5 C         2.486819         0.735957         0.000000 
6 C         1.221996         2.871982         0.000000 
7 C         3.658383         1.483189         0.000000 
8 C         1.229805         1.431546         0.000000 
9 C         0.000000         3.552217         0.000000 
10 H         4.621766         0.986144         0.000000 
11 H         4.621766         -0.986144         0.000000 
12 C         2.486819         -0.735957         0.000000 
13 C         -1.221996         2.871982         0.000000 
14 H         0.000000         4.639896         0.000000 
15 C         -2.457833         3.578759         0.000000 
16 C         -1.229805        1.431546         0.000000 
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17 H         4.590506         -3.431451         0.000000 
18 C         0.000000         0.725819         0.000000 
19 C         -3.646345         2.893675         0.000000 
20 H         -2.438215         4.665513         0.000000 
21 H         -4.590506         3.431451         0.000000 
22 C         -3.658383         1.483189         0.000000 
23 H         -4.621766         0.986144         0.000000 
24 C         -2.486819         0.735957         0.000000 
25 C         1.229805         -1.431546         0.000000 
26 H         0.000000         -4.639896         0.000000 
27 C         0.000000         -0.725819         0.000000 
28 C         2.457833         -3.578759        0.000000 
29 C         1.221996         -2.871982         0.000000 
30 C         -1.229805         -1.431546         0.000000 
31 C         -2.486819         -0.735957         0.000000 
32 H         2.438215         -4.665513         0.000000 
33 C         3.658383         -1.483189         0.000000 
34 C         -3.658383         -1.483189         0.000000 
35 H         -4.621766         -0.986144         0.000000 
36 C         -3.646345         -2.893675         0.000000 
37 H         -4.590506         -3.431451         0.000000 
38 C         -2.457833         -3.578759         0.000000 
39 H         -2.438215         -4.665513         0.000000 
40 C         -1.221996         -2.871982         0.000000 
41 C         0.000000         -3.552217         0.000000 
42 C         3.646345         -2.893675         0.000000 
 
Energy = -1152.7900127 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for benzo[ijk]bisanthene 
 
ATOM    X   Y   Z 
1 H         3.439116         0.000000         4.868622 
2 C         2.893320         0.000000         3.929050 
3 H         4.662505         0.000000         2.710911 
4 C         3.575727         0.000000         2.731559 
5 C         0.735876         0.000000         2.778326 
6 C         2.866556         0.000000         1.505666 
7 C         1.488862         0.000000         3.951773 
8 C         1.431780         0.000000         1.526823 
9 C        3.544168         0.000000         0.265080 
10 H         0.995074         0.000000         4.916981 
11 H         -0.995074         0.000000         4.916981 
12 C         -0.735876         0.000000         2.778326 
13 C         2.861614         0.000000         -0.941085 
14 H         4.631995         0.000000         0.264322 
15 C         3.544996         0.000000         -2.208756 
16 C         1.422685         0.000000         -0.933344 
17 H         -3.439116         0.000000         4.868622 
18 C         0.719782         0.000000         0.293800 
19 C         2.858185         0.000000         -3.381551 
20 H         4.632193         0.000000         -2.205087 
21 H         3.389122         0.000000         -4.330469 
22 C         1.420368         0.000000         -3.406491 
23 C         0.692596         0.000000         -4.611410 
24 C         0.711789         0.000000         -2.171186 
25 C         -1.431780         0.000000         1.526823 
26 H         -4.631995         0.000000         0.264322 
27 C         -0.719782         0.000000         0.293800 
28 C         -3.575727         0.000000         2.731559 
29 C         -2.866556         0.000000         1.505666 
30 C         -1.422685         0.000000         -0.933344 
31 C         -0.711789         0.000000         -2.171186 
32 H         -4.662505         0.000000         2.710911 
33 C         -1.488862         0.000000         3.951773 
34 C         -1.420368         0.000000         -3.406491 
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35 C         -0.692596         0.000000         -4.611410 
36 C         -2.858185         0.000000         -3.381551 
37 H         -3.389122         0.000000         -4.330469 
38 C         -3.544996         0.000000         -2.208756 
39 H         -4.632193         0.000000         -2.205087 
40 C         -2.861614         0.000000         -0.941085 
41 C         -3.544168         0.000000         0.265080 
42 C         -2.893320         0.000000         3.929050 
43 H         1.235367         0.000000         -5.553532 
44 H         -1.235367         0.000000         -5.553532 
 
Energy = -1151.759396569 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the 
acetylene + benzo[ijk]bisanthene TS 
 
I Atom    X   Y   Z 
1 C         -4.440029         -0.624237         1.399907 
2 C         -3.555155         -1.430801         -0.422942 
3 H         4.669610         -1.553931         1.883084 
4 C         -3.554942         1.430742         -0.424212 
5 C         -2.324693         0.712192         -0.439168 
6 C         -2.324673         -0.712389         -0.438825 
7 H         -4.461404         3.411772         -0.431612 
8 H         -4.424530         -0.989090         -0.897593 
9 H         -4.424641         0.988422         -0.898062 
10 H         -2.338626         4.633833         -0.218902 
11 C         -4.440260         0.624167         1.400107 
12 C         -2.346202         3.547052         -0.258645 
13 C         -1.093613         1.423384         -0.286671 
14 H         -4.668891         1.554787         1.881283 
15 C         -1.087967         2.855560         -0.217318 
16 C         0.133651         0.716849         -0.204993 
17 C         0.130329         -3.535768         -0.114141 
18 C         0.133701         -0.716943         -0.205006 
19 C         -1.093537         -1.423536         -0.286599 
20 C         1.358963         -1.425739         -0.097263 
21 C         0.130019         3.535690         -0.114020 
22 C         -1.087711         -2.855724         -0.217336 
23 C        -2.345922         -3.547280         -0.258622 
24 H         0.126810         -4.622977         -0.069199 
25 C         -3.521560         -2.868112         -0.372863 
26 H         -2.338190         -4.634192         -0.219418 
27 C         -3.521743         2.867834         -0.373574 
28 H         -4.461122         -3.412331         -0.431291 
29 H         0.126356         4.622893         -0.069097 
30 C         1.355476         2.856155         -0.063272 
31 H         2.607482         -4.627743         0.053585 
32 C         1.358833         1.425746         -0.097206 
33 C         2.611858         -3.540600         0.032511 
34 C         2.592919         0.713259         -0.013634 
35 H         4.733694         -3.391844         0.168035 
36 C         1.355761         -2.856145         -0.063392 
37 C         3.822102         1.423398         0.080926 
38 C         2.592987         -0.713135         -0.013659 
39 C         5.030106         -0.689478         0.163144 
40 C         3.822248         -1.423145         0.080883 
41 C         3.790538         2.854975         0.096825 
42 C         5.030033         0.689856         0.163168 
43 C         2.611501         3.540736         0.032635 
44 H         4.733336         3.392197         0.168101 
45 C         3.790832         -2.854724         0.096744 
46 H         2.606978         4.627876         0.053711 
47 H         5.969183         1.233723         0.231969 




Energy = -1229.0401007 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for bistetracene (9) 
 
ATOM    X   Y   Z 
1 H         5.818745         3.436322         0.005683 
2 C         -4.892028         1.486116         0.003777 
3 H         3.666409         4.668718         0.008480 
4 C         -4.891786         -1.486587         0.003897 
5 C         -3.719708         -0.736222         -0.001455 
6 C         -3.719878         0.735790         -0.001492 
7 H         -5.818885         -3.436060         0.009312 
8 H         -5.856506         0.990857         0.008155 
9 H         -5.856431         -0.991534         0.008397 
10 H         -3.666753         -4.668901         0.000812 
11 H         3.667148         -4.668455         0.008344 
12 C         -3.686015         -3.582074         -0.000091 
13 C         -2.463386         -1.431565         -0.005434 
14 C         3.686059         3.582048         0.004943 
15 C         -2.449247         -2.875049         -0.004264 
16 C         -1.236192         -0.721859         -0.008109 
17 C         -1.227991         3.552135         -0.005670 
18 C         -1.236370         0.721541         -0.008102 
19 C         -2.463650         1.431148         -0.005414 
20 C         -0.000300         1.423049         -0.007799 
21 C         -1.227419         -3.552365         -0.005397 
22 C         -2.449745         2.874634         -0.004348 
23 C         -3.686529         3.581576         0.000072 
24 H         -1.224596         4.639740         -0.005230 
25 C         -4.876049         2.896384         0.004647 
26 H         -3.666786         4.668369         0.001104 
27 C         -4.875493         -2.896820         0.004536 
28 H         -5.819430         3.435734         0.009505 
29 H         -1.224512         -4.639961         -0.004931 
30 C         0.000187         -2.868205         -0.005295 
31 H         1.224339         4.639738         0.003564 
32 C         0.000018         -1.423124         -0.007782 
33 C         1.227368         3.552162         -0.000409 
34 C         1.236206         -0.721652         -0.007031 
35 C         4.875835         -2.896349         0.003793 
36 C         -0.000347         2.868118         -0.005349 
37 C         2.463702         -1.431165         -0.003583 
38 C         1.236066         0.721873         -0.007045 
39 C         3.720002         0.736358         -0.002057 
40 C         2.463477         1.431574         -0.003582 
41 C         2.449810         -2.874739         -0.000172 
42 C         3.686536         -3.581727         0.004975 
43 C         1.227965         -3.552057         -0.000652 
44 H         5.856593         -0.991054         0.002259 
45 C         2.449333         2.875053         -0.000036 
46 H         1.224714         -4.639638         0.003309 
47 C         3.720044         -0.735702         -0.002021 
48 C         4.892073         1.486807         0.000800 
49 H         5.819068         -3.435572         0.006091 
50 C         4.892072         -1.486168         0.001010 
51 H         5.856704         0.991791         0.001773 
52 C         4.875562         2.896970         0.003511 
 
Energy is -1381.599880946 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the 
acetylene + bistetracene (9) TS. 
 
I Atom    X   Y   Z 
1 C         -5.353890         -0.621906         1.491997 
2 C         -4.486483         -1.435729         -0.407924 
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3 H         -5.550255         -1.574404         1.941995 
4 C         -4.486493         1.435699         -0.408194 
5 C         -3.261013         0.716146         -0.426264 
6 C         -3.261022         -0.716188         -0.426226 
7 H         -5.405386         3.410409         -0.405585 
8 H         -5.371936         -0.983280         -0.838182 
9 H         -5.371771         0.983247         -0.838618 
10 H         -3.282750         4.642293         -0.220310 
11 C         -5.354329         0.621982         1.491816 
12 C         -3.289671         3.555485         -0.258114 
13 C         -2.029522         1.421988         -0.293347 
14 H         -5.551700         1.574248         1.941875 
15 C         -2.026462         2.865868         -0.230296 
16 C         -0.803035         0.717091         -0.225650 
17 C         -0.823412         -3.545310         -0.145915 
18 C         -0.803033         -0.717118         -0.225687 
19 C         -2.029520         -1.422021         -0.293341 
20 C         0.430620         -1.423436         -0.137890 
21 C         -0.823425         3.545274         -0.145687 
22 C         -2.026456         -2.865914         -0.230276 
23 C         -3.289709         -3.555522         -0.257734 
24 H         -0.824545         -4.632320         -0.102822 
25 C         -4.461942         -2.872144         -0.356949 
26 H         -3.282786         -4.642284         -0.219638 
27 C         -4.461909         2.872112         -0.357459 
28 H         -5.405442         -3.410354         -0.404673 
29 H         -0.824574         4.632274         -0.102431 
30 C         0.422103         2.865481         -0.109531 
31 H         1.635961         -4.636622         -0.019046 
32 C         0.430609         1.423422         -0.137766 
33 C         1.638715         -3.549037         -0.037910 
34 C         1.660156         0.721333         -0.072658 
35 C         5.291040         2.895946         0.132501 
36 C        0.422126         -2.865494         -0.109788 
37 C         2.887829         1.432034         0.000071 
38 C         1.660160         -0.721329         -0.072719 
39 C         4.140670         -0.736194         0.062549 
40 C         2.887841         -1.432013         -0.000035 
41 C         2.868444         2.871824         0.012128 
42 C         4.098818         3.579718         0.078981 
43 C         1.638681         3.549037         -0.037554 
44 H         6.275506         0.993928         0.172378 
45 C         2.868473         -2.871801         0.011896 
46 H         1.635911         4.636615         -0.018507 
47 C         4.140666         0.736232         0.062567 
48 C         5.311609         -1.488129         0.125601 
49 H         6.230992         3.438930         0.182721 
50 C         5.311597         1.488181         0.125579 
51 H         6.275524         -0.993857         0.172452 
52 C         5.291066         -2.895890         0.132461 
53 H         6.231029         -3.438858         0.182726 
54 C         4.098855         -3.579680         0.078792 
55 H         4.078756         -4.666473         0.086666 
56 H         4.077711         4.666509         0.086975 
 
Energy = -1458.8905933 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for 
dibenzo[hi,kl]ovalene  
 
ATOM    X   Y   Z 
1 H         3.393668         0.000000         5.566712 
2 C         1.489087         0.000000         -5.173644 
3 H         4.636329         0.000000         3.443703 
4 C         -1.489087         0.000000         -5.173644 
5 C         -0.736405         0.000000         -4.001314 
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6 C         0.736405         0.000000         -4.001314 
7 H         -3.440360         0.000000         -6.093204 
8 H        0.995500         0.000000         -6.138995 
9 H         -0.995500         0.000000         -6.138995 
10 H         -4.666934         0.000000         -3.938614 
11 H         -4.636329         0.000000         3.443703 
12 C         -3.580143         0.000000         -3.958548 
13 C        -1.432255         0.000000         -2.747267 
14 C         3.549091         0.000000         3.445689 
15 C         -2.871915         0.000000         -2.727038 
16 C         -0.721399         0.000000         -1.517633 
17 C         3.549470         0.000000         -1.495372 
18 C         0.721399         0.000000         -1.517633 
19 C         1.432255         0.000000         -2.747267 
20 C         1.424090         0.000000         -0.287452 
21 C         -3.549470         0.000000         -1.495372 
22 C         2.871915         0.000000         -2.727038 
23 C         3.580143         0.000000         -3.958548 
24 H         4.637225         0.000000         -1.494138 
25 C         2.896612         0.000000         -5.152397 
26 H         4.666934         0.000000         -3.938614 
27 C         -2.896612         0.000000         -5.152397 
28 H         3.440360         0.000000        -6.093204 
29 H         -4.637225         0.000000         -1.494138 
30 C         -2.866455         0.000000         -0.277296 
31 H         4.634997         0.000000         0.969121 
32 C         -1.424090         0.000000         -0.287452 
33 C         3.547129         0.000000         0.970703 
34 C         -0.716878         0.000000         0.948142 
35 C         -2.861676         0.000000         4.618275 
36 C         2.866455         0.000000         -0.277296 
37 C         -1.423245         0.000000         2.174949 
38 C         0.716878         0.000000         0.948142 
39 C         0.713412         0.000000         3.406827 
40 C         1.423245         0.000000         2.174949 
41 C         -2.867426         0.000000         2.175196 
42 C         -3.549091         0.000000         3.445689 
43 C         -3.547129         0.000000         0.970703 
44 H         -1.235736         0.000000         6.790299 
45 C         2.867426         0.000000         2.175196 
46 H         -4.634997         0.000000         0.969121 
47 C         -0.713412         0.000000         3.406827 
48 C         1.422664         0.000000         4.646398 
49 H         -3.393668         0.000000         5.566712 
50 C         -1.422664         0.000000         4.646398 
51 C         0.694995         0.000000         5.846900 
52 C         2.861676         0.000000         4.618275 
53 H         1.235736         0.000000         6.790299 
54 C         -0.694995         0.000000         5.846900 
 
Energy = -1457.860044947 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the 
acetylene + dibenzo[hi,kl]ovalene TS. 
 
ATOM    X   Y   Z 
1 H         5.818470         3.436334         0.005922 
2 C         -4.891955         1.486221         0.004335 
3 H         3.666244         4.668890         0.008703 
4 C         -4.891735         -1.486681         0.004468 
5 C         -3.719676         -0.736247         -0.001144 
6 C         -3.719832         0.735836         -0.001186 
7 H         -5.818768         -3.435947         0.010320 
8 H         -5.856465         0.990976         0.009156 
9 H         -5.856407         -0.991595         0.009471 
10 H         -3.666485         -4.668949         0.000843 
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11 H         3.667090         -4.668653         0.008555 
12 C         -3.685894         -3.582096         0.000063 
13 C         -2.463245         -1.431504         -0.005560 
14 C         3.686015         3.582192         0.004953 
15 C         -2.449171         -2.874948         -0.004474 
16 C         -1.236029         -0.721858         -0.008618 
17 C         -1.228009         3.552094         -0.006519 
18 C         -1.236199         0.721517         -0.008614 
19 C         -2.463489         1.431088         -0.005563 
20 C         -0.000260         1.423107         -0.008378 
21 C         -1.227391         -3.552237         -0.006281 
22 C         -2.449675         2.874550         -0.004568 
23 C         -3.686408         3.581593         0.000206 
24 H         -1.224820         4.639686         -0.006566 
25 C         -4.875877         2.896440         0.005035 
26 H         -3.666533         4.668411         0.001185 
27 C         -4.875356         -2.896896         0.004944 
28 H         -5.819233         3.435613         0.010477 
29 H         -1.224710         -4.639794         -0.006250 
30 C         0.000248         -2.868185         -0.006042 
31 H         1.224455         4.639751         0.002831 
32 C         0.000076         -1.423166         -0.008389 
33 C         1.227414         3.552148         -0.001250 
34 C         1.236153         -0.721658         -0.007491 
35 C         4.875665         -2.896409         0.004231 
36 C         -0.000340         2.868133         -0.006057 
37 C         2.463608         -1.431180         -0.003849 
38 C         1.236008         0.721881         -0.007490 
39 C         3.719891         0.736346         -0.001710 
40 C         2.463389         1.431552         -0.003851 
41 C         2.449842         -2.874791         -0.000473 
42 C         3.686521         -3.581895         0.004983 
43 C         1.228024         -3.552103         -0.001493 
44 H         5.856364         -0.991302         0.003712 
45 C        2.449359         2.875050         -0.000355 
46 H         1.224888         -4.639729         0.002496 
47 C         3.719930         -0.735715         -0.001661 
48 C         4.891824         1.486900         0.001579 
49 H         5.818826         -3.435561         0.006406 
50 C         4.891835         -1.486264         0.001826 
51 H         5.856447         0.992023         0.003201 
52 C         4.875376         2.897030         0.003933 
 
Energy = -1535.1414913 hartrees 
 
Appendix A.2: Molecules Presented in Chapter 3 
 
Appendix A.2.1: Details and XYZ Coordinates of Calculations for the Structures in Figure 3.1   
All calculations were performed using density functional theory at the B3LYP/6-31G* level or AM1 as indicated, employing the 
programs in Spartan or Gaussian. Complete vibrational analyses were performed to confirm that all starting materials have no 
imaginary frequencies and that all transition states (TS) have one imaginary frequency.  For energies, please see the tables at the 
beginning of section 3.4. 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for acetylene 
                                                          Coordinates (Angstroms) 
A12 
 
ATOM     X   Y   Z 
1 C        0.000000         0.000000        -0.602478 
2 C        0.000000          0.000000          0.602478 
3  H        0.000000          0.000000          1.669137 
4  H         0.000000          0.000000          -1.669137 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for biphenyl (28) 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 H -0.927602 -2.020209 0.732225 
2 C -1.465415 -1.137991 0.396246 
3 C -2.859526 1.138594 -0.395998 
4 C -0.742821 0.000000 0.000000 
5 C -2.859526 -1.138594 0.395998 
6 C -3.563284 0.000000 0.000000 
7 C -1.465415 1.137991 -0.396246 
8 H -3.396842 -2.027886 0.715144 
9 H -4.650020 0.000000 0.000000 
10 H -0.927602 2.020209 -0.732225 
11 H -3.396842 2.027886 -0.715144 
12 C 0.742821 0.000000 0.000000 
13 C 3.563284 0.000000 0.000000 
14 C 1.465415 -1.137991 -0.396246 
15 C 1.465415 1.137991 0.396246 
16 C 2.859526 1.138594 0.395998 
17 C 2.859526 -1.138594 -0.395998 
18 H 0.927602 -2.020209 -0.732225 
19 H 0.927602 2.020209 0.732225 
20 H 3.396842 2.027886 0.715144 
21 H 3.396842 -2.027886 -0.715144 
22 H 4.650020 0.000000 0.000000 
 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for the acetylene + biphenyl (28a) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -0.282919 -1.463153 -2.870619 
2 C 0.27448 -0.449233 -0.715677 
3 C 0.516077 0.815751 -2.834893 
4 C 0.072381 -0.266084 -3.54818 
5 C -0.177197 -1.547206 -1.501549 
6 H 0.825013 1.724145 -3.347095 
7 H 0.019246 -0.225735 -4.633366 
8 H -0.445442 -2.47891 -1.014229 
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9 H -0.626536 -2.322374 -3.440198 
10 C 0.27448 -0.449233 0.715677 
11 C 0.072381 -0.266084 3.54818 
12 C -0.177197 -1.547206 1.501549 
13 C -0.282919 -1.463153 2.870619 
14 C 0.516077 0.815751 2.834893 
15 H -0.445442 -2.47891 1.014229 
16 H -0.626536 -2.322374 3.440198 
17 H 0.825013 1.724145 3.347095 
18 H 0.019246 -0.225735 4.633366 
19 C 0.55538 0.790829 1.399044 
20 H 1.277293 1.467581 0.946745 
21 C 0.55538 0.790829 -1.399044 
22 H 1.277293 1.467581 -0.946745 
23 C -0.904571 2.023297 0.628519 
24 H -1.371362 2.410083 1.514665 
25 C -0.904571 2.023297 -0.628519 
26 H -1.371362 2.410083 -1.514665 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for phenanthrene (5) 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 H 4.648017 0 -0.244077 
2 C 3.561788 0 -0.268939 
3 H 3.347732 0 1.866486 
4 C 2.837237 0 0.906192 
5 C 1.500564 0 -1.539215 
6 C 1.423123 0 0.89287 
7 C 2.883015 0 -1.50138 
8 C 0.729022 0 -0.353699 
9 C 0.67969 0 2.120424 
10 H 3.446573 0 -2.430429 
11 H -1.007649 0 -2.505398 
12 H 1.007649 0 -2.505398 
13 C -0.67969 0 2.120424 
14 H 1.231903 0 3.057165 
15 H -1.231903 0 3.057165 
16 C -1.423123 0 0.89287 
17 C -2.837237 0 0.906192 
18 C -0.729022 0 -0.353699 
19 C -3.561788 0 -0.268939 
A14 
 
20 H -3.347732 0 1.866486 
21 H -4.648017 0 -0.244077 
22 C -2.883015 0 -1.50138 
23 H -3.446573 0 -2.430429 
24 C -1.500564 0 -1.539215 
 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for the acetylene + phenanthrene (5a) TS  
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 1.07897 2.200724 0.629455 
2 C -0.492953 1.144333 1.416358 
3 H 1.594156 2.552375 1.503699 
4 C -0.492953 1.144333 -1.416358 
5 C -0.376857 -0.106485 -0.703321 
6 C -0.376857 -0.106485 0.703321 
7 C -0.44663 1.109916 2.846202 
8 H -1.137695 1.909099 0.985512 
9 H -1.137695 1.909099 -0.985512 
10 C -0.44663 1.109916 -2.846202 
11 C 1.07897 2.200724 -0.629455 
12 C 0.143828 -2.521053 -0.679528 
13 H 0.337476 -3.437926 -1.231314 
14 H 1.594156 2.552375 -1.503699 
15 C -0.161813 -0.059835 -3.518385 
16 H -0.628545 2.027437 -3.400457 
17 H -0.107866 -0.061135 -4.60433 
18 C 0.025945 -1.266961 -2.817877 
19 C -0.071912 -1.308795 -1.427576 
20 H 0.243897 -2.181695 -3.363459 
21 C 0.143828 -2.521053 0.679528 
22 H 0.337476 -3.437926 1.231314 
23 C -0.161813 -0.059835 3.518385 
24 H -0.628545 2.027437 3.400457 
25 H -0.107866 -0.061135 4.60433 
26 C 0.025945 -1.266961 2.817877 
27 C -0.071912 -1.308795 1.427576 
28 H 0.243897 -2.181695 3.363459 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for 29 
 
                                                    Coordinates (Angstroms) 
A15 
 
 Atom                                X                   Y                 Z  
 
      1         C                3.118811   -0.362670    1.326785  
      2         C                3.673632    1.100551   -0.950734  
      3         C                3.360240   -1.064639    0.129929  
      4         C                2.967903    1.019840    1.327971  
      5         C                3.052284    1.759556    0.132505  
      6         C                3.824515   -0.285241   -0.952095  
      7         H                4.166321   -0.769091   -1.863758  
      8         H                3.903810    1.648313   -1.861231  
      9         C                1.411462    3.495372    1.023790  
     10         C                0.009260    3.181149   -1.333938  
     11         C                0.047467    3.777057    0.973979  
     12         C                2.059494    2.859912   -0.057473  
     13         C                1.369370    2.898449   -1.284668  
     14         C               -0.725021    3.434015   -0.158111 
     15         H                1.834129    2.493785   -2.178232  
     16         H               -0.508306    2.987674   -2.267523 
     17         C               -2.501676    2.315430    1.201376  
     18         C               -3.449052    1.102671   -1.084803 
     19         C               -3.203903    1.117843    1.281602  
     20         C               -2.091060    2.839232   -0.041469 
     21         C               -2.768339    2.314303   -1.163447 
     22         C               -3.504363    0.371928    0.122379  
     23         H               -2.629969    2.759596   -2.144698 
     24         H               -3.791951    0.654770   -2.012725 
     25         C               -2.872493   -1.765139    1.288058 
     26         C               -2.214289   -2.863994   -1.153503 
     27         C               -3.340921   -1.114836    0.127137 
     28         C               -1.931568   -2.785705    1.208626 
     29         C               -1.430562   -3.221280   -0.035011 
     30         C               -3.141767   -1.828586   -1.075203 
     31         H               -3.585826   -1.476133   -2.001469 
     32         H               -1.991026   -3.277945   -2.132972 
     33         C                0.862242   -3.684021    0.970374  
     34         C                1.956408   -2.532542   -1.287874 
     35         C                0.030335   -3.509964   -0.158080 
     36         C                2.133950   -3.115863    1.018020  
     37         C                2.626471   -2.352125   -0.062242 
     38         C                0.688071   -3.099965   -1.334834 
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     39         H                0.136230   -3.017138   -2.265294 
     40         H                2.320521   -2.033542   -2.180417 
     41         H               -0.437808    4.127724    1.880925  
     42         H               -2.108864    2.731381    2.123913  
     43         H                1.934956    3.634411    1.966472  
     44         H                2.562300    1.483355    2.221715  
     45         H                2.823156   -0.904392    2.219699  
     46         H                2.678461   -3.142540    1.958645  
     47         H                0.465850   -4.134095    1.876714  
     48         H               -1.447860   -3.097089    2.129209 
     49         H               -3.084607   -1.356466    2.270472 





Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for the concave addition of acetylene + $29 (29c) TS 
 
                                                    Coordinates (Angstroms)  
 Atom                            X                       Y                         Z  
      1        C         -0.000000152    0.000000677    0.000001325 
      2        C          0.000000076    0.000000696   -0.000001070 
      3        C          0.000000138    0.000000694    0.000001757 
      4        C         -0.000000269    0.000000834   -0.000001496 
      5        C         -0.000000121    0.000000220    0.000001802 
      6        C          0.000000703    0.000000479   -0.000001236 
      7        C          0.000000507    0.000000280    0.000001397 
      8        C         -0.000000431    0.000000599   -0.000000153 
      9        C         -0.000000357    0.000001181   -0.000000720 
     10       C         -0.000000276    0.000000975    0.000000054 
     11       C         -0.000000124    0.000001954    0.000001609 
     12       C          0.000000006   -0.000000852    0.000001240 
     13       C          0.000000386   -0.000000855    0.000001243 
     14       C          0.000000571   -0.000001105   -0.000000157 
     15       C          0.000000283   -0.000000864   -0.000001404 
     16       C         -0.000000383   -0.000000136   -0.000001901 
     17       C          0.000000374   -0.000000584    0.000001274 
     18       C         -0.000000527    0.000000332    0.000001943 
     19       C          0.000000498    0.000000311    0.000001951 
     20       C         -0.000001069   -0.000000255   -0.000000207 
     21       C         -0.000000078   -0.000000794   -0.000001441 
     22       C         -0.000000141    0.000001695   -0.000001447 
     23       C          0.000000275   -0.000000682    0.000002034 
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     24       C          0.000000015   -0.000000333    0.000001335 
     25       C         -0.000000757   -0.000000485   -0.000001606 
     26       C          0.000000310    0.000000434    0.000000248 
     27       C         -0.000000149   -0.000001342    0.000002125 
     28       C          0.000000307   -0.000000324   -0.000000912 
     29       H          0.000000145   -0.000001271    0.000000840 
     30       H         -0.000000291   -0.000001250    0.000000906 
     31       H         -0.000000103   -0.000001325   -0.000000770 
     32       H          0.000000094   -0.000000948    0.000002110 
     33       H         -0.000000079   -0.000000916   -0.000001195 
     34       H          0.000000103   -0.000000524   -0.000000975 
     35       H         -0.000000107   -0.000001115    0.000002077 
     36       H          0.000000041   -0.000001285   -0.000001190 
     37       C          0.000000002   -0.000000304   -0.000001822 
     38       H         -0.000000152   -0.000000706   -0.000002190 
     39       C          0.000000725    0.000000504   -0.000001299 
     40       H         -0.000000033   -0.000000488   -0.000002274 
     41       C         -0.000000123   -0.000001570   -0.000000975 
     42       H          0.000000164   -0.000001428   -0.000000985 
     43       C         -0.000000172   -0.000001821   -0.000001162 
     44       H          0.000000143   -0.000001202   -0.000000995 
     45       H         -0.000000011    0.000001514   -0.000000795 
     46       H          0.000000053    0.000001202    0.000000319 
     47       H          0.000000188    0.000001316   -0.000001366 
     48       H         -0.000000048    0.000001642   -0.000001419 
     49       H          0.000000149    0.000001407   -0.000000721 
     50       H         -0.000000158    0.000001290    0.000000414 
     51       H         -0.000000028    0.000001163    0.000001451 
     52       H         -0.000000053    0.000000934    0.000001506 
     53       H         -0.000000044    0.000001334    0.000001493 
     54       H         -0.000000022    0.000001094    0.000001425 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for 30 
 
                                                    Coordinates (Angstroms) 
 Atom                                X                   Y                Z  
      1          C               -3.495920    0.327491    1.820753  
      2          C               -2.516233   -2.445204    1.821062  
      3          C                2.634548   -2.317483    1.821129  
      4          C                3.474758    0.500389    1.820993  
      5          C               -0.768333    3.421035    1.821122  
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      6          C               -3.105507    1.636763    1.820774  
      7          C                3.020083    1.788729    1.820916  
      8          C                0.597450    3.454760    1.821166  
      9          C                1.548774   -3.146788    1.820952  
     10         C               -1.390750   -3.219799    1.820877 
     11         C               -3.439543   -0.442275    0.610609 
     12         C               -3.020086   -1.788726   -1.820919 
     13         C               -3.457212    0.271091   -0.610792 
     14         C               -2.956159   -1.811379    0.610803 
     15         C               -2.521811   -2.377619   -0.610589 
     16         C               -3.474763   -0.500385   -1.820992 
     17         H               -3.717998   -0.024740   -2.765836 
     18         H               -2.910486   -2.311501   -2.765754 
     19         C               -0.641680   -3.404006    0.610572 
     20         C                0.768338   -3.421024   -1.821122 
     21         C                0.809883   -3.368095    0.610615  
     22         C               -1.325564   -3.200620   -0.610751 
     23         C               -0.597445   -3.454751   -1.821170 
     24         C                1.482966   -3.131012   -0.610693 
     25         H               -1.125065   -3.537843   -2.766048 
     26         H                1.299417   -3.478094   -2.765999 
     27         C                3.042408   -1.662554    0.610900  
     28         C                3.495951   -0.327503   -1.820748 
     29         C                3.457217   -0.271090    0.610795  
     30         C                2.636803   -2.249649   -0.610517 
     31         C                3.105538   -1.636773   -1.820767 
     32         C                3.439550    0.442271   -0.610606  
     33         H                3.022158   -2.164380   -2.765602 
     34         H                3.715787    0.159439   -2.765575  
     35         C                2.521807    2.377620    0.610584  
     36         C                1.390735    3.219779   -1.820883  
     37         C                2.956155    1.811373   -0.610808  
     38         C                1.325565    3.200618    0.610745  
     39         C                0.641678    3.404001   -0.610578  
     40         C                2.516219    2.445183   -1.821069  
     41         H                2.991532    2.202488   -2.766185  
     42         H                0.994477    3.577803   -2.765792  
     43         C               -1.482965    3.131022    0.610693  
     44         C               -2.634565    2.317503   -1.821123 
     45         C               -0.809888    3.368100   -0.610615 
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     46         C               -2.636800    2.249650    0.610522  
     47         C               -3.042407    1.662555   -0.610895 
     48         C               -1.548792    3.146807   -1.820948 
     49         H               -1.170657    3.524049   -2.765821 
     50         H               -3.097348    2.051747   -2.766237 
     51         H                1.125074    3.537863    2.766041  
     52         H                2.910481    2.311507    2.765750  
     53         H                3.717988    0.024744    2.765839  
     54         H                3.097315   -2.051710    2.766247  
     55         H                1.170628   -3.524016    2.765826  
     56         H               -0.994504   -3.577852    2.765781 
     57         H               -2.991568   -2.202530    2.766173 
     58         H               -3.715725   -0.159457    2.765584 
     59         H               -3.022097    2.164355    2.765614  
     60         H               -1.299414    3.478122    2.765998  
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for the concave addition of acetylene + 30 (30c) TS 
 
                                                    Coordinates (Angstroms)  
 Atom                             X                          Y                      Z  
 
      1        C         -0.000001068   -0.000000093   -0.000001133 
      2        C         -0.000000527   -0.000001127    0.000000957 
      3        C          0.000000372   -0.000000918   -0.000003321 
      4        C          0.000002748    0.000000744    0.000001544 
      5        C         -0.000000030    0.000000809   -0.000002522 
      6        C          0.000000568   -0.000001389   -0.000002535 
      7        C          0.000001054   -0.000001340   -0.000003425 
      8        C          0.000002375   -0.000002531    0.000003157 
      9        C         -0.000001516   -0.000000858   -0.000002325 
     10       C         -0.000000739   -0.000000696    0.000001083 
     11       C          0.000000023   -0.000002239    0.000002554 
     12       C          0.000000690   -0.000001205    0.000000002 
     13       C         -0.000000979   -0.000000366   -0.000002296 
     14       C         -0.000000219    0.000000203   -0.000000595 
     15       C         -0.000000671   -0.000001216    0.000002221 
     16       C         -0.000000115   -0.000001820    0.000002379 
     17       C         -0.000000878   -0.000002949    0.000001269 
     18       C          0.000000991   -0.000001640    0.000000116 
     19       C         -0.000000302   -0.000002477   -0.000000168 
     20       C         -0.000001030   -0.000002492   -0.000002143 
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     21       C         -0.000000346    0.000000560   -0.000000110 
     22       C          0.000000013    0.000001722   -0.000001136 
     23       C          0.000001002    0.000000710   -0.000002557 
     24       C          0.000000023    0.000001176    0.000000130 
     25       C         -0.000000467    0.000000771    0.000002720 
     26       C          0.000000107    0.000000432    0.000003110 
     27       C          0.000000109    0.000001109   -0.000001790 
     28       C         -0.000000992   -0.000000199   -0.000001395 
     29       C         -0.000000287    0.000000958   -0.000003795 
     30       C          0.000000272    0.000001054   -0.000000819 
     31       C          0.000000070    0.000001493    0.000001605 
     32       C          0.000000614   -0.000000546    0.000002123 
     33       C         -0.000000876    0.000000874   -0.000002902 
     34       C          0.000001095    0.000000989   -0.000001154 
     35       C          0.000001865    0.000000727    0.000002346 
     36       C         -0.000000629    0.000000668    0.000000486 
     37       C         -0.000001009    0.000002429   -0.000002351 
     38       C          0.000001740   -0.000000605    0.000000538 
     39       H          0.000000042    0.000002362   -0.000001428 
     40       H          0.000000091    0.000002291   -0.000001832 
     41       H         -0.000000286    0.000002186   -0.000000067 
     42       H          0.000000562    0.000002574   -0.000002512 
     43       H          0.000000155    0.000002140    0.000002438 
     44       H          0.000000102    0.000001491    0.000001510 
     45       H          0.000000656    0.000002322   -0.000002717 
     46       H         -0.000000204    0.000002122    0.000000463 
     47       C         -0.000003546    0.000001161    0.000002016 
     48       H          0.000000763    0.000002303    0.000003124 
     49       C         -0.000003077    0.000001342    0.000003658 
     50       H          0.000000657    0.000000985    0.000003366 
     51       C          0.000000592    0.000001926    0.000003237 
     52       H         -0.000000325    0.000002528    0.000000862 
     53       C          0.000001200    0.000003130    0.000000066 
     54       H         -0.000000374    0.000002631    0.000001768 
     55       H          0.000000450   -0.000002632   -0.000000267 
     56       H          0.000000113   -0.000002034   -0.000002135 
     57       H          0.000000207   -0.000002237   -0.000003124 
     58       H          0.000000199   -0.000001897   -0.000003426 
     59       H          0.000000226   -0.000002115   -0.000000643 
     60       H          0.000000164   -0.000002423   -0.000002104 
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     61       H         -0.000000162   -0.000002821    0.000001223 
     62       H         -0.000000596   -0.000003134    0.000002557 
     63       H         -0.000000475   -0.000002403    0.000002527 
     64       H         -0.000000186   -0.000002523    0.000001572 
 
Appendix A.2.2: Details and XYZ Coordinates of Calculations for the Structures in Figure 3.5  
 
All calculations were performed using AM1 as indicated, employing the programs in Spartan. Complete vibrational analyses were 
performed to confirm that all starting materials have no imaginary frequencies and that all transition states (TS) have one imaginary 
frequency.  For energies, please see the tables at the beginning of section 3.4. 
 
Calculated AM1 X,Y,Z-coordinates for 29 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -0.930151 1.732636 3.07628 
2 C 0.518212 -0.571653 3.606541 
3 C -1.586683 0.485718 3.036172 
4 C 0.456946 1.783657 3.153642 
5 C 1.203119 0.588209 3.19053 
6 C -0.869136 -0.622456 3.530251 
7 H -1.390354 -1.562891 3.75923 
8 H 1.078406 -1.472803 3.894107 
9 C 2.890273 1.5673 1.648797 
10 C 3.434411 -1.009382 0.780444 
11 C 3.398644 1.354927 0.372657 
12 C 2.433537 0.474944 2.414054 
13 C 2.925065 -0.797056 2.056279 
14 C 3.456932 0.047775 -0.152203 
15 H 2.812378 -1.648211 2.742916 
16 H 3.719868 -2.025745 0.473596 
17 C 2.677615 0.870096 -2.364718 
18 C 1.642097 -1.661377 -2.821909 
19 C 1.604751 0.702252 -3.232825 
20 C 3.090962 -0.198515 -1.543322 
21 C 2.715518 -1.493659 -1.954693 
22 C 0.932811 -0.53584 -3.28847 
23 H 3.198474 -2.377281 -1.513674 
24 H 1.28802 -2.675607 -3.055461 
25 C -1.260859 0.625969 -3.3709 
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26 C -2.394326 -1.651645 -2.267399 
27 C -0.523642 -0.575776 -3.371207 
28 C -2.43254 0.720111 -2.62875 
29 C -2.880476 -0.38655 -1.878956 
30 C -1.222114 -1.745793 -3.008964 
31 H -0.792669 -2.735505 -3.220412 
32 H -2.87897 -2.567978 -1.901317 
33 C -3.520913 1.11389 -0.00049 
34 C -3.056176 -1.015965 1.713315 
35 C -3.413961 -0.186124 -0.535473 
36 C -3.172113 1.348965 1.324712 
37 C -2.712545 0.286628 2.1293 
38 C -3.404918 -1.250982 0.388428 
39 H -3.568654 -2.283007 0.046731 
40 H -2.948131 -1.864979 2.403354 
41 H 3.655675 2.217575 -0.258459 
42 H 3.130334 1.865201 -2.249273 
43 H 2.751592 2.595492 2.012493 
44 H 0.96785 2.75424 3.079325 
45 H -1.499315 2.66333 2.940059 
46 H -3.159249 2.379578 1.70725 
47 H -3.780632 1.961299 -0.650981 
48 H -2.945546 1.689003 -2.547964 
49 H -0.861629 1.521553 -3.868192 
50 H 1.222211 1.56643 -3.794448 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 29 (29c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 3.118918 -2.011537 1.126496 
2 C 2.524201 1.911134 1.718444 
3 C 0.694025 -3.548041 1.000004 
4 C -1.403911 2.67099 1.793358 
5 C -0.695885 -3.54824 0.999809 
6 C 1.400863 2.671778 1.793228 
7 C -3.121396 -2.012578 1.12581 
8 C 3.578329 -0.709471 1.293012 
9 C -2.526994 1.909988 1.718489 
10 C -3.581092 -0.710663 1.292426 
11 C 3.517639 0.197629 0.215807 
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12 C -2.979388 -1.661169 -1.244088 
13 C 2.596673 -2.419561 -0.117871 
14 C 3.434786 -0.358832 -1.077515 
15 C -2.737453 2.408664 -0.613208 
16 C -0.704586 3.073731 0.593789 
17 C 2.978014 -1.660848 -1.243455 
18 C 1.399489 -3.251966 -0.183868 
19 C -1.401133 -3.252238 -0.184189 
20 C -3.436662 -0.359338 -1.078021 
21 C 2.734094 2.409024 -0.613425 
22 C 0.701204 3.073918 0.59366 
23 C 0.694709 -3.40416 -1.394862 
24 C -2.598495 -2.420109 -0.118456 
25 C 3.061788 1.566007 0.426092 
26 C -3.52011 0.196744 0.215399 
27 C -0.696057 -3.40432 -1.395029 
28 C -3.064713 1.565198 0.426098 
29 H 2.811961 -2.05176 -2.257325 
30 H -2.812208 -2.051542 -2.258191 
31 H -3.618495 0.271618 -1.959948 
32 H -1.237721 -3.42738 -2.351608 
33 H 3.312941 2.406989 -1.548831 
34 H -3.316447 2.406783 -1.548518 
35 H 1.236527 -3.426845 -2.351172 
36 H 3.616586 0.272021 -1.959568 
37 C 1.490394 3.140223 -0.59572 
38 H 1.343081 3.984542 -1.29154 
39 C -1.493987 3.14016 -0.595408 
40 H -1.346716 3.984368 -1.291307 
41 C 0.620719 1.930375 -1.983337 
42 H 1.534879 1.577883 -2.417538 
43 C -0.62395 1.93012 -1.983401 
44 H -1.538157 1.577426 -2.4173 
45 H -3.02789 1.533692 2.620818 
46 H -3.893792 -0.366747 2.288889 
47 H -0.987379 2.955633 2.770133 
48 H 0.984397 2.95668 2.769972 
49 H 3.025476 1.535455 2.620797 
50 H 3.889465 -0.365122 2.289328 
51 H 3.072884 -2.68539 1.993824 
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52 H 1.233516 -3.673933 1.949955 
53 H -1.235544 -3.674674 1.949313 
54 H -3.076199 -2.686968 1.993057 
 
Calculated AM1 X,Y,Z-coordinates for 30 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -1.696903 2.279952 2.738131 
2 C 1.228902 2.3804 2.90035 
3 C 3.106373 1.615006 -1.824209 
4 C 0.841376 1.245153 -3.649768 
5 C -3.490618 1.609121 -0.90532 
6 C -2.751267 2.107822 1.887894 
7 C -0.521141 1.198282 -3.724527 
8 C -2.991882 1.405649 -2.159905 
9 C 3.449649 1.847089 -0.523279 
10 C 2.379273 2.283713 2.171293 
11 C -0.930402 1.138897 3.144287 
12 C 0.520764 -1.198532 3.724866 
13 C -1.55213 -0.126892 3.102261 
14 C 0.50187 1.188 3.223641 
15 C 1.209122 -0.032343 3.254766 
16 C -0.841698 -1.245185 3.64957 
17 H -1.40125 -2.148486 3.930198 
18 H 1.106364 -2.062624 4.068655 
19 C 2.833142 0.99205 1.746569 
20 C 3.489834 -1.609304 0.905026 
21 C 3.357054 0.778371 0.427451 
22 C 2.418496 -0.133953 2.488621 
23 C 2.991451 -1.406047 2.159787 
24 C 3.428729 -0.545777 -0.054141 
25 H 2.952278 -2.217431 2.899986 
26 H 3.869709 -2.5915 0.590722 
27 C 2.660745 0.308155 -2.208956 
28 C 1.697586 -2.279851 -2.738897 
29 C 1.552197 0.127083 -3.102636 
30 C 3.067556 -0.789651 -1.421706 
31 C 2.751906 -2.107584 -1.888652 
32 C 0.930779 -1.138815 -3.144597 
33 H 3.318222 -2.963678 -1.496009 
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34 H 1.377645 -3.280742 -3.0608 
35 C -1.209095 0.031992 -3.254461 
36 C -2.378612 -2.283894 -2.170564 
37 C -0.501466 -1.188158 -3.22328 
38 C -2.418669 0.133518 -2.488318 
39 C -2.833074 -0.99233 -1.746035 
40 C -1.228181 -2.380471 -2.899575 
41 H -0.807292 -3.355972 -3.180687 
42 H -2.924604 -3.178233 -1.839104 
43 C -3.42928 0.545828 0.054013 
44 C -3.106474 -1.614794 1.824302 
45 C -3.357527 -0.778431 -0.427252 
46 C -3.067485 0.78999 1.421342 
47 C -2.660686 -0.307809 2.208699 
48 C -3.450335 -1.847053 0.523571 
49 H -3.725892 -2.851681 0.173481 
50 H -3.093041 -2.424249 2.567527 
51 H -2.953019 2.216541 -2.900608 
52 H -1.107035 2.062485 -4.067754 
53 H 1.400084 2.148996 -3.930516 
54 H 3.093783 2.424675 -2.567131 
55 H 3.72494 2.851707 -0.173193 
56 H 2.925001 3.178183 1.839514 
57 H 0.808204 3.355983 3.181724 
58 H -1.377068 3.280763 3.060145 
59 H -3.316667 2.964423 1.495065 
60 H -3.870241 2.591642 -0.591579 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 30 (30c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -0.668909 -1.924273 2.941264 
2 C -1.00772 2.015877 2.478199 
3 C -0.49654 -3.528084 0.695016 
4 C -1.069785 2.85788 -1.394102 
5 C -0.485774 -3.520963 -0.738044 
6 C -1.728136 -3.484209 1.432236 
7 C -1.70488 -3.481926 -1.495048 
8 C -1.026802 2.84318 1.347668 
9 C -0.634844 -1.904324 -2.977535 
A26 
 
10 C -2.184109 1.362515 -3.05722 
11 C -2.293852 3.133284 -0.687646 
12 C -2.076827 0.083006 3.450328 
13 C -1.81385 -2.690687 2.537162 
14 C -0.791914 -0.575194 3.395636 
15 C -1.02252 2.040336 -2.536138 
16 C -2.267511 3.137836 0.668228 
17 C -2.180433 1.358593 2.996649 
18 C -2.057398 0.085581 -3.502159 
19 C -0.766323 -0.555469 -3.432151 
20 C -1.778608 -2.684752 -2.598391 
21 C 0.364259 0.223615 3.447224 
22 C 1.78699 -1.666428 -3.07305 
23 C 0.609396 -2.383905 2.550267 
24 C 1.630993 -0.428301 3.531427 
25 C 1.357171 2.44331 -2.712678 
26 C 0.158989 3.195849 -0.73592 
27 C 1.753052 -1.719232 3.08769 
28 C 0.69687 -3.209388 1.375139 
29 C 0.716254 -3.187963 -1.396855 
30 C 1.658986 -0.37758 -3.518061 
31 C 1.365084 2.382945 2.694281 
32 C 0.195508 3.169348 0.680607 
33 C 1.935294 -3.388201 0.679762 
34 C 0.640439 -2.349991 -2.563366 
35 C 0.264939 1.593682 2.97982 
36 C 0.381178 0.259337 -3.463247 
37 C 1.945043 -3.37575 -0.687277 
38 C 0.253273 1.629847 -3.025933 
39 H 2.730216 -2.22114 3.05927 
40 H 2.769321 -2.157297 -3.025453 
41 H 2.534049 0.20516 -3.838607 
42 H 2.886086 -3.432167 -1.252071 
43 H 2.278475 2.29178 3.298788 
44 H 2.278578 2.37697 -3.308597 
45 H 2.868205 -3.454564 1.256948 
46 H 2.507561 0.143941 3.866477 
47 C 1.439562 3.167629 1.466322 
48 H 1.858432 4.205658 1.571725 
49 C 1.32605 3.226593 -1.559038 
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50 H 2.131824 3.942929 -1.337336 
51 C 2.740256 2.452954 0.766494 
52 H 3.544661 2.551446 1.510273 
53 C 2.757512 1.891263 -0.357398 
54 H 2.89566 1.298846 -1.227581 
55 H -2.94706 -0.484328 3.806384 
56 H -2.75711 -2.568245 3.087694 
57 H -2.598223 -4.036342 1.05062 
58 H -2.576924 -4.042829 -1.130742 
59 H -2.71286 -2.571045 -3.165762 
60 H -2.919011 -0.496213 -3.857267 
61 H -3.155177 1.875405 -3.022435 
62 H -3.219806 3.277207 -1.260844 
63 H -3.144473 1.884523 2.956781 
64 H -3.172787 3.292466 1.271576 
 
Calculated AM1 X,Y,Z-coordinates for 33 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -3.188381 -1.182344 0.000045 
2 C 0.139212 -3.397695 0.000045 
3 C -3.025585 1.552286 0.000042 
4 C 3.274419 -0.917547 0.000045 
5 C -2.10974 2.666966 0.000045 
6 C -3.287573 0.900228 1.235179 
7 C -1.520955 3.05039 1.235174 
8 C 1.535339 -3.034221 0.000042 
9 C 0.541355 3.357186 0.000042 
10 C 3.188844 1.204087 1.235179 
11 C 3.023453 -1.573823 1.235174 
12 C -1.872084 -2.848482 1.235179 
13 C -3.371095 -0.503891 1.235174 
14 C -2.411269 -2.39782 0.000042 
15 C 3.360161 0.522568 0.000042 
16 C 2.130562 -2.660687 1.235179 
17 C -0.562496 -3.361812 1.235174 
18 C 2.431093 2.389136 1.235174 
19 C 1.88449 2.83062 0.000045 
20 C -0.159748 3.404854 1.235179 
21 C -1.872063 -2.848339 -1.235205 
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22 C 0.633661 3.475291 -2.442121 
23 C -3.371033 -0.503791 -1.2352 
24 C -2.555368 -2.439113 -2.442121 
25 C 3.50101 0.471276 -2.442121 
26 C 3.023344 -1.573868 -1.2352 
27 C -3.286393 -1.2957 -2.442115 
28 C -3.287431 0.900253 -1.235205 
29 C -1.52084 3.050363 -1.2352 
30 C 1.897154 2.979937 -2.442115 
31 C 0.216733 -3.525939 -2.442115 
32 C 2.130432 -2.660623 -1.235205 
33 C -3.109386 1.676572 -2.442121 
34 C -0.159681 3.404726 -1.235205 
35 C -0.562573 -3.361723 -1.2352 
36 C 2.431102 2.389019 -1.2352 
37 C -2.247835 2.725152 -2.442115 
38 C 3.188743 1.203984 -1.235205 
39 H -3.777646 -0.918207 -3.349994 
40 H 0.16806 3.88398 -3.350016 
41 H 2.516472 2.96329 -3.349994 
42 H -2.040624 3.309014 -3.349994 
43 H -0.29409 -3.876497 -3.349994 
44 H 3.745818 1.040381 -3.350016 
45 H -3.641951 1.360051 -3.350016 
46 H -2.41891 -3.043423 -3.350016 
47 C -3.109415 1.676312 2.442027 
48 C -2.247828 2.724897 2.442032 
49 C 0.633405 3.475238 2.442027 
50 C 1.896914 2.979851 2.442032 
51 C 3.500881 0.471503 2.442027 
52 C 3.420185 -0.883248 2.442032 
53 C 1.530258 -3.183833 2.442027 
54 C 0.216877 -3.525728 2.442032 
55 C -2.555129 -2.43922 2.442027 
56 C -3.286148 -1.295772 2.442032 
57 C 1.530082 -3.184026 -2.442121 
58 H 2.146982 -3.240989 -3.350016 
59 C 3.420341 -0.88345 -2.442115 
60 H 3.595889 -1.4776 -3.349994 
61 H 3.595692 -1.477207 3.350077 
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62 H 3.745639 1.040486 3.350075 
63 H 2.147027 -3.240786 3.350075 
64 H 2.516037 2.963225 3.350077 
65 H -0.293777 -3.876189 3.350077 
66 H 0.167905 3.883842 3.350075 
67 H -2.418703 -3.043402 3.350075 
68 H -2.040696 3.30858 3.350077 
69 H -3.777257 -0.91841 3.350077 
70 H -3.641868 1.35986 3.350075 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 33 (33c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 0.080373 -1.8548 2.949891 
2 C -0.538122 2.05804 2.530777 
3 C 0.322827 -3.451084 0.736768 
4 C -0.618805 2.878569 -1.339517 
5 C 0.316159 -3.457614 -0.705148 
6 C -0.935474 -3.425258 1.411926 
7 C -0.94971 -3.430219 -1.368 
8 C -0.652922 2.890337 1.381018 
9 C 0.059372 -1.872057 -2.922149 
10 C -1.675061 1.301334 -2.905874 
11 C -1.893174 2.950474 -0.683562 
12 C -1.475246 -0.000391 3.387752 
13 C -1.058196 -2.613179 2.54085 
14 C -0.131474 -0.501519 3.396752 
15 C -0.525119 2.040193 -2.481582 
16 C -1.911455 2.942568 0.709298 
17 C -1.683195 1.303232 2.946641 
18 C -1.487499 -0.005039 -3.348196 
19 C -0.146106 -0.517946 -3.367383 
20 C -1.081241 -2.619823 -2.496582 
21 C 0.970304 0.379345 3.42834 
22 C 2.465896 -1.519913 -3.092557 
23 C 1.383788 -2.232841 2.547069 
24 C 2.284233 -0.202975 3.518204 
25 C 1.81495 2.577086 -2.681823 
26 C 0.573157 3.30487 -0.676467 
27 C 2.486409 -1.478737 3.08689 
28 C 1.508523 -3.05855 1.401836 
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29 C 1.496478 -3.078327 -1.384413 
30 C 2.26599 -0.240895 -3.521585 
31 C 1.80181 2.640978 2.695167 
32 C 0.541083 3.325459 0.724428 
33 C 2.750336 -3.211881 0.68476 
34 C 1.365204 -2.260694 -2.536431 
35 C 0.762344 1.720512 2.998535 
36 C 0.960504 0.349677 -3.418274 
37 C 2.74399 -3.222401 -0.675571 
38 C 0.776247 1.69777 -2.961575 
39 H 3.487072 -1.933768 3.080117 
40 H 3.463791 -1.979772 -3.095797 
41 H 3.09814 0.380804 -3.881599 
42 H 3.674902 -3.276544 -1.257677 
43 H 2.707163 2.655137 3.318851 
44 H 2.735911 2.538317 -3.279046 
45 H 3.686013 -3.258378 1.259333 
46 H 3.112456 0.424342 3.876599 
47 C 1.702242 3.453335 1.575826 
48 H 2.37056 4.319455 1.436189 
49 C 1.809549 3.432843 -1.494813 
50 H 2.006678 4.522877 -1.712336 
51 C 3.316323 2.529242 0.367434 
52 H 3.721671 2.045315 1.222406 
53 C 3.163237 3.007159 -0.796198 
54 H 3.96747 3.158611 -1.54146 
55 C -2.360897 -2.245452 -3.065982 
56 C -2.557551 -0.970334 -3.480214 
57 C -2.072575 -3.981981 0.706084 
58 C -2.079727 -3.982484 -0.648247 
59 C -2.538329 -0.974254 3.535397 
60 C -2.33521 -2.24765 3.12203 
61 C -3.089642 2.640506 1.495981 
62 C -2.978811 1.83745 2.582492 
63 C -2.964849 1.861794 -2.563304 
64 C -3.067676 2.674306 -1.483571 
65 H -3.852053 1.534632 3.177397 
66 H -4.058007 3.032433 1.154417 
67 H -3.502548 -0.634181 3.938505 
68 H -4.02972 3.091361 -1.154021 
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69 H -3.123424 -3.012264 3.167693 
70 H -3.525518 -0.625075 -3.870235 
71 H -2.92353 -4.347469 1.297543 
72 H -3.836527 1.575614 -3.168138 
73 H -2.938365 -4.34676 -1.229802 
74 H -3.155396 -3.003463 -3.102068 
 
 
Calculated AM1 X,Y,Z-coordinates for 35 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 3.287092 -0.829713 0.630619 
2 C 0.226664 -3.382606 0.630619 
3 C 2.822193 1.87842 0.630618 
4 C -3.147007 -1.260853 0.630619 
5 C 1.804871 2.869815 0.630619 
6 C 3.146892 1.260745 -0.630614 
7 C 1.179106 3.178419 -0.630609 
8 C -1.179095 -3.178517 0.630618 
9 C -0.914378 3.264528 0.630618 
10 C -3.286937 0.829732 -0.630614 
11 C -2.822145 -1.878333 -0.630609 
12 C 2.171483 -2.60328 -0.630614 
13 C 3.38722 -0.139211 -0.630609 
14 C 2.658589 -2.103601 0.630618 
15 C -3.387309 0.13917 0.630618 
16 C -1.804842 -2.869661 -0.630614 
17 C 0.914311 -3.264456 -0.630609 
18 C -2.658492 2.103582 -0.630609 
19 C -2.171621 2.603356 0.630619 
20 C -0.226597 3.382464 -0.630614 
21 C 2.214813 -2.652518 1.854669 
22 C -1.001102 3.38981 3.042405 
23 C 3.452673 -0.143457 1.854664 
24 C 2.802388 -2.153981 3.042405 
25 C -3.533258 0.095404 3.042405 
26 C -2.877593 -1.913371 1.854664 
27 C 3.414655 -0.912944 3.042384 
28 C 3.20711 1.286739 1.854669 
29 C 1.203371 3.239357 1.854664 
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30 C -2.225899 2.745671 3.042384 
31 C 0.186925 -3.529645 3.042384 
32 C -1.83828 -2.926086 1.854669 
33 C 2.914543 1.999613 3.042405 
34 C -0.23271 3.447767 1.854669 
35 C 0.930499 -3.328018 1.854664 
36 C -2.70895 2.14549 1.854664 
37 C 1.923448 2.965414 3.042384 
38 C -3.350932 0.844098 1.854669 
39 H 3.778954 -0.476092 3.983589 
40 H -0.573841 3.765245 3.983644 
41 H -2.777398 2.60638 3.983589 
42 H 1.620552 3.446878 3.983589 
43 H 0.714971 -3.74112 3.983589 
44 H -3.758287 0.61777 3.983644 
45 H 3.403634 1.70928 3.983644 
46 H 2.677403 -2.708852 3.983644 
47 C 2.877648 1.913279 -1.854683 
48 C 3.299242 1.26823 -3.042297 
49 C 1.838483 2.926077 -1.854683 
50 C 1.182973 3.3309 -3.04229 
51 C -0.930395 3.328042 -1.854683 
52 C -2.214742 2.652709 -1.854683 
53 C -0.186636 3.529671 -3.042297 
54 C -2.802316 2.154379 -3.04229 
55 C -3.452664 0.143564 -1.854683 
56 C -3.207269 -1.286612 -1.854683 
57 C -3.41459 0.913226 -3.042297 
58 C -2.914899 -1.999421 -3.04229 
59 C -1.203469 -3.239315 -1.854683 
60 C -1.923696 -2.965266 -3.042297 
61 C 0.23254 -3.447879 -1.854683 
62 C 1.000809 -3.390089 -3.04229 
63 C 2.708879 -2.14557 -1.854683 
64 C 2.22568 -2.745861 -3.042297 
65 C 3.350987 -0.844294 -1.854683 
66 C 3.533433 -0.095769 -3.04229 
67 C -1.182572 -3.330846 3.042405 
68 H -1.748908 -3.383442 3.983644 
69 C -3.299129 -1.268496 3.042384 
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70 H -3.337078 -1.836047 3.983589 
71 H 2.776825 -2.606554 -3.983717 
72 H 3.758284 -0.617949 -3.983698 
73 H 0.57367 -3.765297 -3.983698 
74 H 3.337066 1.835448 -3.983717 
75 H -1.620894 -3.446387 -3.983717 
76 H 1.749077 3.383383 -3.983698 
77 H -3.403736 -1.709133 -3.983698 
78 H -0.714405 3.740923 -3.983717 
79 H -3.778592 0.47657 -3.983717 
80 H -2.677294 2.708994 -3.983698 
 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 35 (35c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 2.949077 -1.163212 1.413796 
2 C 2.512193 0.590191 -2.09391 
3 C 0.709632 -1.882135 2.838304 
4 C -1.365745 0.921941 -2.816442 
5 C -0.709632 -1.882135 2.838304 
6 C 1.374998 -0.661157 3.21877 
7 C -1.374998 -0.661157 3.21877 
8 C 1.365745 0.921941 -2.816442 
9 C -2.949077 -1.163212 1.413796 
10 C -2.951472 1.475849 -1.056652 
11 C -0.714497 2.161684 -2.49936 
12 C 3.411765 0.878913 0.157067 
13 C 2.53171 -0.289208 2.480332 
14 C 3.409567 -0.564043 0.21533 
15 C -2.512193 0.590191 -2.09391 
16 C 0.714497 2.161684 -2.49936 
17 C 2.951472 1.475849 -1.056652 
18 C -3.411765 0.878913 0.157067 
19 C -3.409567 -0.564043 0.21533 
20 C -2.53171 -0.289208 2.480332 
21 C 3.50365 -1.348518 -0.958554 
22 C -3.114902 -3.336819 0.374531 
23 C 2.587532 -2.53368 1.407208 
24 C 3.568163 -2.748478 -0.799395 
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25 C -2.735106 -1.447019 -3.344912 
26 C -0.704776 -0.086024 -3.614245 
27 C 3.114902 -3.336819 0.374531 
28 C 1.401148 -2.909594 2.155679 
29 C -1.401148 -2.909594 2.155679 
30 C -3.568163 -2.748478 -0.799395 
31 C 2.735106 -1.447019 -3.344912 
32 C 0.704776 -0.086024 -3.614245 
33 C 0.692854 -4.104366 1.891994 
34 C -2.587532 -2.53368 1.407208 
35 C 3.050858 -0.742658 -2.203271 
36 C -3.50365 -1.348518 -0.958554 
37 C -0.692854 -4.104366 1.891994 
38 C -3.050858 -0.742658 -2.203271 
39 H 3.060687 -4.432366 0.453463 
40 H -3.060687 -4.432366 0.453463 
41 H -3.86536 -3.378418 -1.650535 
42 H -1.243277 -5.005214 1.58379 
43 H 3.315781 -2.336523 -3.632233 
44 H -3.315781 -2.336523 -3.632233 
45 H 1.243277 -5.005214 1.58379 
46 H 3.86536 -3.378418 -1.650535 
47 C 1.512602 -1.180105 -4.058518 
48 H 1.395911 -1.538704 -5.096827 
49 C -1.512602 -1.180105 -4.058518 
50 H -1.395911 -1.538704 -5.096827 
51 C 0.622558 -2.906615 -3.449632 
52 H 1.53368 -3.448253 -3.290551 
53 C -0.622558 -2.906615 -3.449632 
54 H -1.53368 -3.448253 -3.290551 
55 C -2.996473 1.042758 2.555609 
56 C -2.598372 1.809567 3.679645 
57 C -3.45207 1.656824 1.325037 
58 C -3.504419 3.074501 1.167694 
59 C 0.724983 0.307413 4.013533 
60 C -0.724983 0.307413 4.013533 
61 C 1.476798 1.445743 4.400154 
62 C -1.476798 1.445743 4.400154 
63 C 3.45207 1.656824 1.325037 
64 C 2.996473 1.042758 2.555609 
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65 C 3.504419 3.074501 1.167694 
66 C 2.598372 1.809567 3.679645 
67 C 1.397066 3.190298 -1.817795 
68 C 2.560837 2.830969 -1.051774 
69 C 0.685601 4.409698 -1.591556 
70 C 3.07025 3.651639 -0.000962 
71 C -2.560837 2.830969 -1.051774 
72 C -3.07025 3.651639 -0.000962 
73 C -1.397066 3.190298 -1.817795 
74 C -0.685601 4.409698 -1.591556 
75 H 1.251439 5.31785 -1.338627 
76 H -1.251439 5.31785 -1.338627 
77 H 3.026299 4.745258 -0.106728 
78 H -3.026299 4.745258 -0.106728 
79 H 3.814093 3.695738 2.02062 
80 H -3.814093 3.695738 2.02062 
81 H 3.126454 2.746249 3.909822 
82 H -3.126454 2.746249 3.909822 
83 H 1.104956 2.090024 5.210101 
84 H -1.104956 2.090024 5.210101 
 
Calculated AM1 X,Y,Z-coordinates for 37 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -3.079075 1.403738 1.327144 
2 C -2.434124 0.778646 -2.584689 
3 C -0.944361 1.739853 3.048498 
4 C 1.531742 0.777123 -3.203184 
5 C 0.488134 1.78879 3.126325 
6 C -1.564906 0.448699 2.977247 
7 C 1.199205 0.543124 3.127458 
8 C -1.22534 0.6832 -3.352964 
9 C 2.81451 1.605021 1.64738 
10 C 3.035093 -0.170763 -1.507689 
11 C 0.894842 -0.50763 -3.233379 
12 C -3.346125 -0.172534 -0.53745 
13 C -2.647351 0.278266 2.104446 
14 C -3.441263 1.170095 -0.042005 
15 C 2.641015 0.95166 -2.308926 
16 C -0.503175 -0.555284 -3.309361 
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17 C -2.835477 -0.371046 -1.826747 
18 C 3.388496 0.057362 -0.171448 
19 C 3.337836 1.401524 0.326341 
20 C 2.378846 0.449964 2.377594 
21 C -3.457087 2.259672 -0.936496 
22 C 2.876051 4.000572 1.266581 
23 C -2.751825 2.714645 1.729539 
24 C -3.607522 3.568086 -0.372425 
25 C 2.630861 3.32491 -2.812909 
26 C 0.854162 1.919109 -3.676701 
27 C -3.262089 3.790915 0.933145 
28 C -1.641809 2.889417 2.624741 
29 C 1.147484 2.984701 2.776282 
30 C 3.375132 3.806496 0.006874 
31 C -2.530174 3.149306 -3.092694 
32 C -0.579492 1.870361 -3.754489 
33 C -0.978474 4.15047 2.775066 
34 C 2.357159 2.889152 2.007121 
35 C -2.933367 2.056116 -2.258736 
36 C 3.376266 2.492852 -0.56526 
37 C 0.387516 4.197135 2.84927 
38 C 3.014135 2.258839 -1.935668 
39 H -3.296203 4.801599 1.364827 
40 H 2.794151 5.009699 1.695504 
41 H 3.707175 4.654664 -0.609044 
42 H 0.921452 5.157554 2.887495 
43 H -3.117488 4.078593 -3.071509 
44 H 3.148557 4.291594 -2.732381 
45 H -1.577525 5.072183 2.751734 
46 H -3.928164 4.39393 -1.023676 
47 C -0.882202 -0.72005 3.45174 
48 C 0.570452 -3.04385 4.036347 
49 C -1.518876 -1.977547 3.422646 
50 C 0.55031 -0.6711 3.529611 
51 C 1.270512 -1.882219 3.574317 
52 C -0.795556 -3.090532 3.962069 
53 H -1.348327 -3.999877 4.238696 
54 H 1.150619 -3.914473 4.374595 
55 C 2.876748 -0.854847 2.050853 
56 C 3.558177 -3.434455 1.194662 
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57 C 3.399907 -1.058324 0.729769 
58 C 2.480321 -1.977736 2.805408 
59 C 3.059447 -3.240342 2.454483 
60 C 3.498937 -2.373967 0.232964 
61 H 3.024365 -4.062276 3.183971 
62 H 3.936797 -4.41738 0.879242 
63 C 2.70291 -1.508179 -1.905507 
64 C 1.754833 -4.082132 -2.477592 
65 C 1.593716 -1.682755 -2.799864 
66 C 3.136568 -2.607885 -1.137436 
67 C 2.812577 -3.9156 -1.624806 
68 C 0.976806 -2.947868 -2.878922 
69 H 3.375479 -4.779584 -1.243156 
70 H 1.440582 -5.08423 -2.803257 
71 C -1.163361 -1.776794 -2.949742 
72 C -2.347661 -4.091775 -1.905553 
73 C -0.456916 -2.99679 -2.956871 
74 C -2.372116 -1.681334 -2.181403 
75 C -2.8106 -2.810884 -1.460819 
76 C -1.1949 -4.182851 -2.638054 
77 H -0.779842 -5.160035 -2.924153 
78 H -2.888595 -4.993424 -1.583999 
79 C -3.379077 -1.289812 0.361314 
80 C -3.079392 -3.450194 2.120555 
81 C -3.334125 -2.607314 -0.138519 
82 C -3.01695 -1.056186 1.73049 
83 C -2.628963 -2.152347 2.52758 
84 C -3.424706 -3.673019 0.814922 
85 H -3.699182 -4.678236 0.463955 
86 H -3.067453 -4.270611 2.852505 
87 C -1.377243 3.058432 -3.82498 
88 H -1.007918 3.91249 -4.410861 
89 C 1.572942 3.158534 -3.665423 
90 H 1.213551 3.986972 -4.292563 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 37 (37c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 2.950964 -1.989765 -0.618043 
2 C 2.498202 1.878783 -1.452872 
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3 C 0.704564 -3.562195 -0.289517 
4 C -1.393399 2.702167 -1.63792 
5 C -0.72845 -3.556872 -0.294094 
6 C 1.371157 -3.073148 0.88623 
7 C -1.399978 -3.066502 0.8777 
8 C 1.351742 2.67184 -1.655419 
9 C -2.968068 -1.974185 -0.633134 
10 C -2.962753 1.606103 -0.113493 
11 C -0.715747 3.184876 -0.468601 
12 C 3.37604 0.294526 0.1736 
13 C 2.509862 -2.27452 0.719556 
14 C 3.404384 -0.663728 -0.90361 
15 C -2.547084 1.907344 -1.456274 
16 C 0.685731 3.175247 -0.47871 
17 C 2.923473 1.589903 -0.113571 
18 C -3.403712 0.306018 0.164055 
19 C -3.422779 -0.647104 -0.916447 
20 C -2.535824 -2.264651 0.706147 
21 C 3.465619 -0.233562 -2.241211 
22 C -3.090959 -2.487217 -2.99843 
23 C 2.566095 -2.823893 -1.689964 
24 C 3.533183 -1.2393 -3.249496 
25 C -2.698118 1.590432 -3.836283 
26 C -0.728166 2.691459 -2.903278 
27 C 3.091841 -2.512845 -2.9791 
28 C 1.390965 -3.640555 -1.517668 
29 C -1.4074 -3.627992 -1.527314 
30 C -3.52952 -1.21439 -3.26859 
31 C 2.710204 1.559753 -3.819623 
32 C 0.688986 2.661549 -2.920403 
33 C 0.678797 -4.185653 -2.631148 
34 C -2.575723 -2.804187 -1.704814 
35 C 3.006554 1.109545 -2.544997 
36 C -3.471994 -0.210634 -2.25482 
37 C -0.692588 -4.179198 -2.636063 
38 C -3.036232 1.135043 -2.546667 
39 H 3.055226 -3.274938 -3.770717 
40 H -3.052032 -3.249571 -3.78996 
41 H -3.848156 -0.929858 -4.281808 
42 H -1.255494 -4.520617 -3.516705 
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43 H 3.30758 1.213529 -4.675257 
44 H -3.279192 1.251459 -4.70642 
45 H 1.244843 -4.531339 -3.508217 
46 H 3.852188 -0.957909 -4.263566 
47 C 1.488952 2.308844 -4.106339 
48 H 1.60608 3.190725 -4.793454 
49 C -1.553364 2.365722 -4.025854 
50 H -1.334627 2.81313 -5.007823 
51 C 0.791504 1.265728 -5.171967 
52 H 1.52361 1.182643 -5.98865 
53 C -0.31081 0.684222 -5.019863 
54 H -1.169464 0.063104 -4.960234 
55 C -2.976971 -1.463878 1.808897 
56 C -3.510514 0.31322 3.913691 
57 C -2.578073 -1.780748 3.122857 
58 C -3.423267 -0.125937 1.524991 
59 C -3.430527 0.822366 2.572675 
60 C -3.095244 -0.959652 4.182373 
61 H -3.080493 -1.350614 5.209858 
62 H -3.841794 0.98762 4.716343 
63 C 0.700793 -3.049021 2.150647 
64 C -0.707018 -2.660622 4.544452 
65 C -0.736741 -3.04763 2.146718 
66 C 1.376523 -2.602212 3.305577 
67 C 0.659567 -2.659241 4.54765 
68 C -1.41791 -2.603264 3.298814 
69 H 1.227367 -2.628534 5.488708 
70 H -1.279281 -2.631775 5.48279 
71 C 3.39277 -0.131959 1.53378 
72 C 3.049482 -0.955111 4.193456 
73 C 2.945436 -1.469823 1.821424 
74 C 3.395598 0.820628 2.578507 
75 C 3.467636 0.31589 3.922009 
76 C 2.537536 -1.78042 3.133839 
77 H 3.79586 0.992878 4.723778 
78 H 3.02952 -1.342789 5.221976 
79 C 1.3668 3.258835 0.775661 
80 C 2.569129 3.076423 3.310794 
81 C 2.526326 2.431457 0.968633 
82 C 0.70258 3.759461 1.919588 
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83 C 1.47052 3.865756 3.130467 
84 C 2.954721 2.146551 2.284795 
85 H 1.112879 4.537464 3.924092 
86 H 3.13258 3.08601 4.254742 
87 C -2.558376 2.440993 0.972862 
88 C -1.485908 3.854403 3.143011 
89 C -2.984319 2.14988 2.28747 
90 C -1.395216 3.265335 0.785734 
91 C -0.724404 3.757908 1.927369 
92 C -2.587393 3.06751 3.319892 
93 H -3.144785 3.069641 4.267625 
94 H -1.122102 4.515638 3.942579 
 
Calculated AM1 X,Y,Z-coordinates for 31 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -2.398459 0 1.893028 
2 C -0.384937 -1.184714 2.653674 
3 C -3.444097 0.743433 -0.116318 
4 C 1.007778 -0.732193 2.653674 
5 C -0.741165 -2.28107 1.893028 
6 C 1.007778 0.732193 2.653674 
7 C 1.940394 -1.409779 1.893028 
8 C -1.771331 -3.045798 -0.116318 
9 C -1.771331 3.045798 -0.116318 
10 C -0.384937 1.184714 2.653674 
11 C 1.940394 1.409779 1.893028 
12 C 2.349355 -2.625839 -0.116318 
13 C -1.245682 0 2.653674 
14 C -0.741165 2.28107 1.893028 
15 C -0.357238 3.505265 -0.116318 
16 C -1.960817 2.280326 1.098936 
17 C 0.245992 2.997361 1.098936 
18 C -0.357238 -3.505265 -0.116318 
19 C 2.349355 2.625839 -0.116318 
20 C 2.926676 -0.692283 1.098936 
21 C 1.562793 -2.569507 1.098936 
22 C -2.774644 -1.160188 1.098936 
23 C -2.774644 1.160188 1.098936 
24 C -3.444097 -0.743433 -0.116318 
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25 C 3.223312 -1.42294 -0.116318 
26 C 0.245992 -2.997361 1.098936 
27 C -1.960817 -2.280326 1.098936 
28 C 2.926676 0.692283 1.098936 
29 C 3.223312 1.42294 -0.116318 
30 C 1.562793 2.569507 1.098936 
31 C -3.471151 -1.641415 -1.168847 
32 C -3.471151 1.641415 -1.168847 
33 C 1.843421 -3.368224 -1.168847 
34 C -2.633723 2.794036 -1.168847 
35 C 0.488433 3.808486 -1.168847 
36 C 0.488433 -3.808486 -1.168847 
37 C 1.843421 3.368224 -1.168847 
38 C -2.633723 -2.794036 -1.168847 
39 C 3.77302 0.712359 -1.168847 
40 C 3.77302 -0.712359 -1.168847 
41 H 4.090673 -1.229368 -2.087122 
42 H 2.433286 -3.510565 -2.087122 
43 H 4.090673 1.229368 -2.087122 
44 H 0.094889 -4.270356 -2.087122 
45 H 2.433286 3.510565 -2.087122 
46 H -2.586819 -3.399017 -2.087122 
47 H 0.094889 4.270356 -2.087122 
48 H -4.032028 -1.409858 -2.087122 
49 H -2.586819 3.399017 -2.087122 
50 H -4.032028 1.409858 -2.087122 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 31 (31c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -1.762853 1.409111 -2.413979 
2 C -2.656553 -0.732358 -1.60869 
3 C 0.285015 2.625746 -2.520099 
4 C -2.866811 -1.18194 -0.229812 
5 C -1.762853 -1.409111 -2.413979 
6 C -2.999952 0 0.617484 
7 C -2.158706 -2.274817 0.238933 
8 C 0.414647 -1.423148 -3.384057 
9 C -0.113395 3.502223 0.158298 
10 C -2.866811 1.18194 -0.229812 
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11 C -2.421059 0 1.878528 
12 C -0.113395 -3.502223 0.158298 
13 C -2.656553 0.732358 -1.60869 
14 C -2.158706 2.274817 0.238933 
15 C -0.311474 3.036061 1.555419 
16 C -1.224987 2.992359 -0.616763 
17 C -1.557245 2.260662 1.557144 
18 C 0.285015 -2.625746 -2.520099 
19 C -0.579316 0.713665 3.218852 
20 C -1.557245 -2.260662 1.557144 
21 C -1.224987 -2.992359 -0.616763 
22 C -0.830613 0.692545 -3.271582 
23 C -1.031599 2.567731 -1.920562 
24 C 0.414647 1.423148 -3.384057 
25 C -0.311474 -3.036061 1.555419 
26 C -1.031599 -2.567731 -1.920562 
27 C -0.830613 -0.692545 -3.271582 
28 C -1.68666 -1.155543 2.36105 
29 C -0.579316 -0.713665 3.218852 
30 C -1.68666 1.155543 2.36105 
31 C 1.537807 0.711899 -3.770734 
32 C 1.250342 3.371315 -1.865071 
33 C 1.050368 -3.811022 -0.525878 
34 C 1.050368 3.811022 -0.525878 
35 C 0.581606 2.796224 2.55944 
36 C 1.250342 -3.371315 -1.865071 
37 C 1.537807 -0.711899 -3.770734 
38 C 0.581606 -2.796224 2.55944 
39 H 1.490387 -3.409557 2.663775 
40 H 1.898289 -4.279058 -0.003672 
41 H 2.24446 -3.516957 -2.314194 
42 H 2.493119 -1.228788 -3.947923 
43 H 1.490387 3.409557 2.663775 
44 H 2.493119 1.228788 -3.947923 
45 H 1.898289 4.279058 -0.003672 
46 H 2.24446 3.516957 -2.314194 
47 C 0.492525 -1.614012 3.415268 
48 H 1.030286 -1.630498 4.379793 
49 C 0.492525 1.614012 3.415268 
50 H 1.030286 1.630498 4.379793 
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51 C 2.101199 0.623459 2.628823 
52 H 2.620669 1.535453 2.408214 
53 C 2.101199 -0.623459 2.628823 
54 H 2.620669 -1.535453 2.408214 
 
Calculated AM1 X,Y,Z-coordinates for 32 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -2.416653 0 2.593176 
2 C -0.385126 -1.185295 3.336072 
3 C -3.354791 0.727802 0.538367 
4 C 1.008272 -0.732552 3.336072 
5 C -0.746787 -2.298374 2.593176 
6 C 1.008272 0.732552 3.336072 
7 C 1.955114 -1.420473 2.593176 
8 C -1.728868 -2.965693 0.538367 
9 C -1.728868 2.965693 0.538367 
10 C -0.385126 1.185295 3.336072 
11 C 1.955114 1.420473 2.593176 
12 C 2.286292 -2.560701 0.538367 
13 C -1.246293 0 3.336072 
14 C -0.746787 2.298374 2.593176 
15 C -0.344507 3.415499 0.538367 
16 C -1.974042 2.285245 1.801547 
17 C 0.2538 3.009115 1.801547 
18 C -0.344507 -3.415499 0.538367 
19 C 2.286292 2.560701 0.538367 
20 C 2.940267 -0.688489 1.801547 
21 C 1.563384 -2.583605 1.801547 
22 C -2.783409 -1.171246 1.801547 
23 C -2.783409 1.171246 1.801547 
24 C -3.354791 -0.727802 0.538367 
25 C 3.141874 -1.383093 0.538367 
26 C 0.2538 -3.009115 1.801547 
27 C -1.974042 -2.285245 1.801547 
28 C 2.940267 0.688489 1.801547 
29 C 3.141874 1.383093 0.538367 
30 C 1.563384 2.583605 1.801547 
31 C -3.200311 -1.428689 -0.660087 
32 C 2.435549 2.617031 -1.855198 
33 C 2.435549 -2.617031 -1.855198 
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34 C -3.200311 1.428689 -0.660087 
35 C -3.508653 -0.685642 -1.855198 
36 C 3.24157 -1.507638 -1.855198 
37 C 1.749344 -3.036929 -0.660087 
38 C -3.508653 0.685642 -1.855198 
39 C -2.347714 2.602187 -0.660087 
40 C 0.369813 3.485165 -0.660087 
41 C 3.24157 1.507638 -1.855198 
42 C -1.736318 -3.125052 -1.855198 
43 C 0.369813 -3.485165 -0.660087 
44 C -1.736318 3.125052 -1.855198 
45 C 1.749344 3.036929 -0.660087 
46 C -0.432149 -3.548802 -1.855198 
47 C -2.347714 -2.602187 -0.660087 
48 C 3.428868 0.725262 -0.660087 
49 C -0.432149 3.548802 -1.855198 
50 C 3.428868 -0.725262 -0.660087 
51 H -3.671674 1.243985 -2.789254 
52 H 2.23925 3.164561 -2.789254 
53 H 3.701642 1.151751 -2.789254 
54 H 0.04849 3.876382 -2.789254 
55 H -2.31771 -3.107557 -2.789254 
56 H 0.04849 -3.876382 -2.789254 
57 H 3.701642 -1.151751 -2.789254 
58 H 2.23925 -3.164561 -2.789254 
59 H -2.31771 3.107557 -2.789254 
60 H -3.671674 -1.243985 -2.789254 
 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 32 (32c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -2.458803 0.20625 2.796249 
2 C -0.438741 -0.987544 3.557937 
3 C -3.392447 0.920334 0.733451 
4 C 0.959167 -0.5482 3.563924 
5 C -0.804812 -2.100614 2.815194 
6 C 0.973096 0.916736 3.543713 
7 C 1.903884 -1.253394 2.835104 
8 C -1.77048 -2.75705 0.759684 
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9 C -1.73322 3.133565 0.700946 
10 C -0.416679 1.38148 3.529642 
11 C 1.930457 1.585957 2.795888 
12 C 2.231322 -2.398246 0.781753 
13 C -1.288789 0.204197 3.543181 
14 C -0.764128 2.487162 2.769191 
15 C -0.343525 3.564185 0.696386 
16 C -1.989255 2.475696 1.974627 
17 C 0.246264 3.173602 1.968905 
18 C -0.408799 -3.191257 0.736462 
19 C 2.280671 2.687104 0.722672 
20 C 2.901743 -0.539255 2.044586 
21 C 1.501607 -2.413173 2.040395 
22 C -2.83709 -0.967517 2.020326 
23 C -2.811936 1.372339 1.989619 
24 C -3.414315 -0.532712 0.74923 
25 C 3.095175 -1.252309 0.786151 
26 C 0.189741 -2.815287 2.019235 
27 C -2.028057 -2.079876 2.020718 
28 C 2.91518 0.834992 2.023362 
29 C 3.133151 1.510059 0.746957 
30 C 1.551776 2.737715 1.981871 
31 C -3.290794 -1.24875 -0.439788 
32 C 2.446473 2.708422 -1.668408 
33 C -3.235466 1.607031 -0.474962 
34 C -3.596362 -0.515347 -1.638025 
35 C 3.324467 -1.437156 -1.574352 
36 C 1.697005 -2.892938 -0.431196 
37 C -3.568255 0.857988 -1.656123 
38 C -2.358325 2.763263 -0.491933 
39 C 0.37586 3.606079 -0.500515 
40 C 3.256683 1.600233 -1.644254 
41 C -1.891481 -3.004241 -1.595672 
42 C 0.324212 -3.290491 -0.465504 
43 C -1.734096 3.254341 -1.693481 
44 C 1.753009 3.148614 -0.487074 
45 C -2.430119 -2.430762 -0.450213 
46 C 3.438761 0.83811 -0.43749 
47 C -0.422757 3.65731 -1.697855 
48 C 3.440266 -0.61639 -0.42228 
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49 H -3.72335 1.405711 -2.597537 
50 H 2.253858 3.23677 -2.614264 
51 H 3.721889 1.229617 -2.569802 
52 H 0.06427 3.959182 -2.637145 
53 H -2.48493 -3.01741 -2.521458 
54 H 3.845215 -1.140677 -2.497688 
55 H -2.312238 3.228178 -2.629361 
56 H -3.770939 -1.080333 -2.565894 
57 C -0.487696 -3.437351 -1.703655 
58 H -0.363644 -4.476965 -2.123293 
59 C 2.487864 -2.555798 -1.588885 
60 H 2.536819 -3.271449 -2.426712 
61 C -0.013271 -2.566748 -2.960796 
62 H -0.706383 -2.822363 -3.783661 
63 C 0.924215 -1.722367 -3.007184 
64 H 1.586741 -0.928251 -3.250901 
 
Calculated AM1 X,Y,Z-coordinates for 34 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -2.417838 0 3.217366 
2 C -0.385003 -1.184918 3.959045 
3 C -3.365834 0.720013 1.165357 
4 C 1.007951 -0.73232 3.959045 
5 C -0.747153 -2.2995 3.217366 
6 C 1.007951 0.73232 3.959045 
7 C 1.956072 -1.421169 3.217366 
8 C -1.724873 -2.978602 1.165357 
9 C -1.724873 2.978602 1.165357 
10 C -0.385003 1.184918 3.959045 
11 C 1.956072 1.421169 3.217366 
12 C 2.299804 -2.560891 1.165357 
13 C -1.245896 0 3.959045 
14 C -0.747153 2.2995 3.217366 
15 C -0.355326 3.423595 1.165357 
16 C -1.977123 2.286812 2.428899 
17 C 0.255372 3.012193 2.428899 
18 C -0.355326 -3.423595 1.165357 
19 C 2.299804 2.560891 1.165357 
20 C 2.94368 -0.687946 2.428899 
21 C 1.563923 -2.587019 2.428899 
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22 C -2.785852 -1.173692 2.428899 
23 C -2.785852 1.173692 2.428899 
24 C -3.365834 -0.720013 1.165357 
25 C 3.14623 -1.395885 1.165357 
26 C 0.255372 -3.012193 2.428899 
27 C -1.977123 -2.286812 2.428899 
28 C 2.94368 0.687946 2.428899 
29 C 3.14623 1.395885 1.165357 
30 C 1.563923 2.587019 2.428899 
31 C -3.180874 -1.413044 -0.035441 
32 C 2.304001 2.53907 -1.271317 
33 C 2.304001 -2.53907 -1.271317 
34 C -3.180874 1.413044 -0.035441 
35 C -3.356404 -0.699893 -1.271317 
36 C 3.126775 -1.40662 -1.271317 
37 C 1.742815 -3.012848 -0.035441 
38 C -3.356404 0.699893 -1.271317 
39 C -2.326829 2.588537 -0.035441 
40 C 0.360941 3.461846 -0.035441 
41 C 3.126775 1.40662 -1.271317 
42 C -1.702824 -2.975851 -1.271317 
43 C 0.360941 -3.461846 -0.035441 
44 C -1.702824 2.975851 -1.271317 
45 C 1.742815 3.012848 -0.035441 
46 C -0.371548 -3.408409 -1.271317 
47 C -2.326829 -2.588537 -0.035441 
48 C 3.403948 0.726494 -0.035441 
49 C -0.371548 3.408409 -1.271317 
50 C 3.403948 -0.726494 -0.035441 
51 C 0.424847 3.499062 -2.482409 
52 C 1.712989 3.08052 -2.482409 
53 C 3.459091 0.677216 -2.482409 
54 C 3.459091 -0.677216 -2.482409 
55 C 1.712989 -3.08052 -2.482409 
56 C 0.424847 -3.499062 -2.482409 
57 C -2.400406 -2.581082 -2.482409 
58 C -3.196521 -1.485323 -2.482409 
59 C -3.196521 1.485323 -2.482409 
60 C -2.400406 2.581082 -2.482409 
61 H -2.228679 3.1734 -3.393295 
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62 H -3.706783 1.138965 -3.393295 
63 H -0.062238 3.87732 -3.393295 
64 H -3.706783 -1.138965 -3.393295 
65 H 2.329383 3.100235 -3.393295 
66 H -2.228679 -3.1734 -3.393295 
67 H 3.668317 1.25735 -3.393295 
68 H -0.062238 -3.87732 -3.393295 
69 H 3.668317 -1.25735 -3.393295 
70 H 2.329383 -3.100235 -3.393295 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 34 (34c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -2.274954 3.484121 0.552888 
2 C -0.26257 4.093409 1.842686 
3 C -3.210745 1.508444 -0.359381 
4 C 1.138271 4.111451 1.422495 
5 C -0.661706 3.260869 2.879806 
6 C 1.173155 4.242085 -0.036235 
7 C 2.061511 3.296798 2.063737 
8 C -1.677132 1.173504 3.357936 
9 C -1.531702 1.684979 -2.57783 
10 C -0.209065 4.299947 -0.51863 
11 C 2.129738 3.554065 -0.767261 
12 C 2.349584 1.145381 3.020865 
13 C -1.096073 4.207481 0.644332 
14 C -0.5536 3.665391 -1.702488 
15 C -0.156512 1.722795 -3.000721 
16 C -1.78834 2.885657 -1.785926 
17 C 0.457545 2.936723 -2.463343 
18 C -0.321619 1.114442 3.832277 
19 C 2.473933 1.611085 -2.079858 
20 C 3.052039 2.559829 1.283677 
21 C 1.632798 2.416078 3.145839 
22 C -2.681258 2.59844 1.644806 
23 C -2.619006 2.802121 -0.692264 
24 C -3.265093 1.393473 1.073196 
25 C 3.219136 1.233617 1.879202 
26 C 0.315643 2.39806 3.541808 
27 C -1.899248 2.497291 2.775125 
28 C 3.087175 2.685763 -0.085863 
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29 C 3.284161 1.486501 -0.899258 
30 C 1.755891 2.881847 -2.009686 
31 C -3.113418 0.125981 1.663987 
32 C 2.449613 -0.819 -2.294286 
33 C 2.318547 -1.279496 2.788023 
34 C -3.003668 0.373784 -1.147473 
35 C -3.298056 -1.034502 0.858628 
36 C 3.161663 -1.192761 1.670915 
37 C 1.767422 -0.081649 3.358818 
38 C -3.24559 -0.927117 -0.56272 
39 C -2.13703 0.450508 -2.296387 
40 C 0.545838 0.52454 -3.13317 
41 C 3.233738 -0.940091 -1.133433 
42 C -1.69556 -1.255314 3.157885 
43 C 0.377352 -0.098939 3.784122 
44 C -1.526754 -0.758023 -2.802775 
45 C 1.907682 0.465856 -2.651433 
46 C -0.368917 -1.310941 3.617243 
47 C -2.289568 0.01749 2.856865 
48 C 3.506229 0.221233 -0.336857 
49 C -0.203832 -0.707369 -3.22999 
50 C 3.47143 0.091632 1.10978 
51 C 1.907529 -1.924211 -3.034771 
52 C 3.515537 -2.218101 -0.509508 
53 C 3.481685 -2.339068 0.840613 
54 C 1.701791 -2.52335 3.211377 
55 C 0.406817 -2.537352 3.610687 
56 C -2.390395 -2.415832 2.643485 
57 C -3.157805 -2.305689 1.526964 
58 C -3.157415 -2.019234 -1.421773 
59 H -3.6516 -2.96079 -1.149228 
60 H -3.64356 -3.185159 1.078546 
61 H 2.538294 -2.813182 -3.190993 
62 H -2.237122 -3.380319 3.147277 
63 H 3.716615 -3.078814 -1.163506 
64 H 3.651072 -3.305703 1.338356 
65 C -2.314264 -2.020038 -2.621159 
66 H -2.892161 -2.219844 -3.572803 
67 C 0.618731 -1.873625 -3.526167 
68 H 0.292667 -2.543676 -4.342882 
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69 C -0.229115 -3.48111 -2.346224 
70 C -1.491068 -3.32836 -2.434559 
71 H 0.70901 -3.94755 -2.152507 
72 H -2.210042 -4.168327 -2.31779 
73 H 2.303721 -3.441966 3.161834 
74 H -0.100193 -3.470729 3.896951 
 
Calculated AM1 X,Y,Z-coordinates for 36 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -2.421426 0 3.827603 
2 C -0.385277 -1.18576 4.559181 
3 C -3.378398 0.732433 1.790993 
4 C 1.008667 -0.73284 4.559181 
5 C -0.748262 -2.302913 3.827603 
6 C 1.008667 0.73284 4.559181 
7 C 1.958975 -1.423279 3.827603 
8 C -1.740568 -2.986714 1.790993 
9 C -1.740568 2.986714 1.790993 
10 C -0.385277 1.18576 4.559181 
11 C 1.958975 1.423279 3.827603 
12 C 2.302668 -2.578324 1.790993 
13 C -1.246781 0 4.559181 
14 C -0.748262 2.302913 3.827603 
15 C -0.347397 3.439382 1.790993 
16 C -1.982447 2.296386 3.040945 
17 C 0.254052 3.023069 3.040945 
18 C -0.347397 -3.439382 1.790993 
19 C 2.302668 2.578324 1.790993 
20 C 2.953615 -0.692562 3.040945 
21 C 1.571383 -2.595042 3.040945 
22 C -2.796603 -1.175797 3.040945 
23 C -2.796603 1.175797 3.040945 
24 C -3.378398 -0.732433 1.790993 
25 C 3.163695 -1.393222 1.790993 
26 C 0.254052 -3.023069 3.040945 
27 C -1.982447 -2.296386 3.040945 
28 C 2.953615 0.692562 3.040945 
29 C 3.163695 1.393222 1.790993 
30 C 1.571383 2.595042 3.040945 
31 C -3.180565 -1.420263 0.596355 
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32 C 2.29429 2.54839 -0.654941 
33 C 2.29429 -2.54839 -0.654941 
34 C -3.180565 1.420263 0.596355 
35 C -3.354026 -0.713141 -0.654941 
36 C 3.132638 -1.394504 -0.654941 
37 C 1.738321 -3.018506 0.596355 
38 C -3.354026 0.713141 -0.654941 
39 C -2.333599 2.586011 0.596355 
40 C 0.367902 3.463782 0.596355 
41 C 3.132638 1.394504 -0.654941 
42 C -1.714688 -2.969495 -0.654941 
43 C 0.367902 -3.463782 0.596355 
44 C -1.714688 2.969495 -0.654941 
45 C 1.738321 3.018506 0.596355 
46 C -0.358214 -3.410241 -0.654941 
47 C -2.333599 -2.586011 0.596355 
48 C 3.407941 0.720472 0.596355 
49 C -0.358214 3.410241 -0.654941 
50 C 3.407941 -0.720472 0.596355 
51 C 0.352901 3.442566 -1.880464 
52 C 1.737986 2.992524 -1.880464 
53 C -0.40536 3.493482 -3.069192 
54 C 2.38136 2.588022 -3.069192 
55 C 3.383127 0.728182 -1.880464 
56 C 3.383127 -0.728182 -1.880464 
57 C 3.197236 1.465065 -3.069192 
58 C 3.197236 -1.465065 -3.069192 
59 C 1.737986 -2.992524 -1.880464 
60 C 2.38136 -2.588022 -3.069192 
61 C 0.352901 -3.442566 -1.880464 
62 C -0.40536 -3.493482 -3.069192 
63 C -2.308992 -2.577664 -1.880464 
64 C -1.725475 -3.064551 -3.069192 
65 C -3.165022 -1.39944 -1.880464 
66 C -3.447762 -0.694026 -3.069192 
67 C -3.165022 1.39944 -1.880464 
68 C -3.447762 0.694026 -3.069192 
69 C -2.308992 2.577664 -1.880464 
70 C -1.725475 3.064551 -3.069192 
71 H 3.609392 -1.088035 -4.017087 
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72 H 0.080581 3.768957 -4.017087 
73 H 3.609392 1.088035 -4.017087 
74 H 2.150146 3.096515 -4.017087 
75 H 2.150146 -3.096515 -4.017087 
76 H -2.280529 3.001786 -4.017087 
77 H 0.080581 -3.768957 -4.017087 
78 H -3.55959 1.241309 -4.017087 
79 H -2.280529 -3.001786 -4.017087 
80 H -3.55959 -1.241309 -4.017087 
 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 36 (36c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -0.222728 2.304007 4.123283 
2 C -0.607359 0 4.919802 
3 C -0.133288 3.455198 2.054028 
4 C 0.245179 -1.185938 4.792887 
5 C -1.876236 0 4.368005 
6 C 1.622428 -0.732187 4.584841 
7 C -0.222728 -2.304007 4.123283 
8 C -3.121024 0.732152 2.49342 
9 C 2.485292 2.578054 1.650916 
10 C 1.622428 0.732187 4.584841 
11 C 2.451605 -1.422464 3.715325 
12 C -1.507575 -2.994202 2.258728 
13 C 0.245179 1.185938 4.792887 
14 C 2.451605 1.422464 3.715325 
15 C 3.321007 1.396026 1.510487 
16 C 1.950682 2.596587 3.002864 
17 C 3.309568 0.690195 2.784122 
18 C -3.121024 -0.732152 2.49342 
19 C 3.321007 -1.396026 1.510487 
20 C 0.651922 -3.02654 3.200674 
21 C -1.559656 -2.297892 3.527784 
22 C -1.559656 2.297892 3.527784 
23 C 0.651922 3.02654 3.200674 
24 C -1.507575 2.994202 2.258728 
25 C -0.133288 -3.455198 2.054028 
26 C -2.36297 -1.175886 3.645196 
27 C -2.36297 1.175886 3.645196 
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28 C 1.950682 -2.596587 3.002864 
29 C 2.485292 -2.578054 1.650916 
30 C 3.309568 -0.690195 2.784122 
31 C -2.268448 2.592333 1.162782 
32 C 2.87226 -1.385019 -0.889344 
33 C -1.842756 -2.98334 -0.164041 
34 C 0.393503 3.491662 0.770069 
35 C -1.842756 2.98334 -0.164041 
36 C -0.50934 -3.44148 -0.362999 
37 C -2.268448 -2.592333 1.162782 
38 C -0.50934 3.44148 -0.362999 
39 C 1.747402 3.03274 0.55936 
40 C 3.369745 0.722057 0.289953 
41 C 2.08466 -2.537086 -0.747798 
42 C -3.448853 0.713053 0.070317 
43 C -3.099698 -1.421449 1.283785 
44 C 2.08466 2.537086 -0.747798 
45 C 3.369745 -0.722057 0.289953 
46 C -3.448853 -0.713053 0.070317 
47 C -3.099698 1.421449 1.283785 
48 C 1.747402 -3.03274 0.55936 
49 C 2.87226 1.385019 -0.889344 
50 C 0.393503 -3.491662 0.770069 
51 C 2.914616 0.705483 -2.167761 
52 C 2.914616 -0.705483 -2.167761 
53 C 1.381519 -3.050951 -1.899448 
54 C 0.010031 -3.499272 -1.682083 
55 C 1.900825 -2.727455 -3.133629 
56 C -0.916074 -3.54144 -2.741501 
57 C -2.610563 -2.589588 -1.292028 
58 C -2.217825 -3.090483 -2.547829 
59 C -3.444241 -1.401321 -1.169072 
60 C -3.892712 -0.694267 -2.303992 
61 C -3.444241 1.401321 -1.169072 
62 C -3.892712 0.694267 -2.303992 
63 C -2.610563 2.589588 -1.292028 
64 C -2.217825 3.090483 -2.547829 
65 C 0.010031 3.499272 -1.682083 
66 C -0.916074 3.54144 -2.741501 
67 C 1.381519 3.050951 -1.899448 
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68 C 1.900825 2.727455 -3.133629 
69 H -0.577504 -3.817018 -3.751428 
70 H 1.619883 -3.302752 -4.029193 
71 H -2.902889 -3.019135 -3.405619 
72 H 1.619883 3.302752 -4.029193 
73 H -0.577504 3.817018 -3.751428 
74 H -2.902889 3.019135 -3.405619 
75 C 2.637432 -1.503459 -3.321732 
76 H 3.265025 -1.373737 -4.221608 
77 C 2.637432 1.503459 -3.321732 
78 H 3.265025 1.373737 -4.221608 
79 C 1.114867 0.622244 -4.361538 
80 C 1.114867 -0.622244 -4.361538 
81 H 0.671008 -1.53514 -4.706007 
82 H 0.671008 1.53514 -4.706007 
83 H -4.140517 -1.240779 -3.226074 
84 H -4.140517 1.240779 -3.226074 
 
Calculated AM1 X,Y,Z-coordinates for 38 
       
                                              Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 0.93935 -2.23675 4.444995 
2 C 1.24565 0.096436 5.185372 
3 C 0.638079 -3.399686 2.402012 
4 C 0.289161 1.205941 5.1876 
5 C 2.414069 0.194856 4.447188 
6 C -1.061621 0.639129 5.18785 
7 C 0.557186 2.348801 4.451497 
8 C 3.428606 -0.447655 2.403949 
9 C -2.081777 -2.759965 2.404922 
10 C -0.939961 -0.820694 5.185772 
11 C -2.065159 1.248411 4.451973 
12 C 1.483337 3.11847 2.410239 
13 C 0.486017 -1.156092 5.184245 
14 C -1.828967 -1.585623 4.447946 
15 C -3.031731 -1.658036 2.407131 
16 C -1.344325 -2.717698 3.66011 
17 C -2.878845 -0.937704 3.66366 
18 C 3.307773 1.00219 2.406013 
19 C -3.26383 1.126451 2.411079 
20 C -0.502009 2.981391 3.667191 
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21 C 1.785729 2.443309 3.664767 
22 C 2.16638 -2.124376 3.658263 
23 C -0.000705 -3.033733 3.658673 
24 C 1.979622 -2.83674 2.401771 
25 C 0.067112 3.45157 2.411741 
26 C 2.68699 1.397871 3.662676 
27 C 2.882168 -0.944171 3.65934 
28 C -1.774785 2.447304 3.667421 
29 C -2.509377 2.370415 2.412204 
30 C -2.9935 0.437826 3.665617 
31 C 2.549778 -2.394902 1.20817 
32 C -3.234891 1.138875 -0.020282 
33 C 1.453516 3.106251 -0.021109 
34 C -0.076994 -3.497175 1.208627 
35 C 1.947597 -2.822748 -0.029534 
36 C 0.083475 3.428491 -0.019651 
37 C 2.118487 2.780477 1.215522 
38 C 0.64979 -3.367359 -0.029314 
39 C -1.487547 -3.165411 1.210137 
40 C -3.347562 -1.007804 1.214448 
41 C -2.505054 2.342275 -0.019195 
42 C 3.403359 -0.42249 -0.027335 
43 C 3.064672 1.682938 1.213329 
44 C -2.082768 -2.724648 -0.026401 
45 C -3.467928 0.436283 1.216511 
46 C 3.286476 0.980075 -0.025351 
47 C 3.301254 -1.155878 1.209309 
48 C -1.990714 2.871985 1.218706 
49 C -3.001728 -1.658632 -0.024268 
50 C -0.654503 3.432696 1.218468 
51 C -3.271001 -0.991986 -1.268231 
52 C -3.49811 0.400562 -3.691691 
53 C -3.390387 0.440386 -1.266185 
54 C -3.017773 -1.647728 -2.4898 
55 C -3.384393 -0.963525 -3.693631 
56 C -3.249495 1.132508 -2.485856 
57 H -3.496816 -1.542167 -4.622014 
58 H -3.705007 0.955245 -4.618447 
59 C -1.956494 2.8047 -1.264046 
60 C -0.706749 3.451621 -3.689602 
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61 C -0.631136 3.360849 -1.264276 
62 C -2.504104 2.361559 -2.484736 
63 C -1.968921 2.921987 -3.689385 
64 C 0.068407 3.441033 -2.485187 
65 H -2.555677 2.850338 -4.616726 
66 H -0.244821 3.820006 -4.617116 
67 C 2.060552 2.727746 -1.267138 
68 C 3.057594 1.739707 -3.694711 
69 C 1.467641 3.111921 -2.486673 
70 C 2.999056 1.639123 -1.269309 
71 C 3.289271 0.998911 -2.490878 
72 C 2.163826 2.776436 -3.692645 
73 H 1.912676 3.312538 -4.619405 
74 H 3.549036 1.414461 -4.623197 
75 C 3.22869 -1.116471 -1.273213 
76 C 2.592603 -2.369383 -3.699983 
77 C 3.40864 -0.433544 -2.492915 
78 C 2.483307 -2.345443 -1.274342 
79 C 1.961854 -2.818982 -2.495096 
80 C 3.302472 -1.199009 -3.698909 
81 H 3.733065 -0.794264 -4.626343 
82 H 2.43342 -2.937019 -4.628316 
83 C -0.066462 -3.415424 -1.273907 
84 C -1.459035 -3.197154 -3.698067 
85 C 0.6364 -3.375221 -2.494865 
86 C -1.465561 -3.086346 -1.272417 
87 C -2.07927 -2.736471 -2.491974 
88 C -0.1266 -3.510552 -3.699486 
89 H 0.38971 -3.794732 -4.62794 
90 H -2.049759 -3.22096 -4.625342 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 38 (38c) TS 
       
                                              Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -1.325937 -4.712953 2.263661 
2 C -1.643369 -5.404366 -0.083176 
3 C -0.959595 -2.702334 3.465536 
4 C -0.680129 -5.42437 -1.186565 
5 C -2.782931 -4.621063 -0.177077 
6 C 0.665919 -5.480417 -0.611506 
7 C -0.914602 -4.661945 -2.319721 
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8 C -3.722196 -2.549562 0.490181 
9 C 1.764161 -2.795226 2.842797 
10 C 0.534105 -5.499309 0.847001 
11 C 1.697976 -4.767589 -1.201622 
12 C -1.761829 -2.577476 -3.066394 
13 C -0.892762 -5.451527 1.173628 
14 C 1.443904 -4.806159 1.629699 
15 C 2.712076 -2.807718 1.746669 
16 C 0.9802 -4.022403 2.773267 
17 C 2.522687 -4.046479 1.000854 
18 C -3.595635 -2.534726 -0.957341 
19 C 2.959042 -2.764941 -1.039263 
20 C 0.17602 -3.906087 -2.932806 
21 C -2.113705 -3.830586 -2.409514 
22 C -2.521217 -3.87833 2.155153 
23 C -0.36375 -3.977097 3.08067 
24 C -2.292467 -2.641202 2.890288 
25 C -0.34859 -2.624771 -3.389787 
26 C -3.019237 -3.809331 -1.369246 
27 C -3.227636 -3.833365 0.970983 
28 C 1.442683 -3.955776 -2.389411 
29 C 2.219122 -2.725004 -2.28386 
30 C 2.645105 -4.024237 -0.372286 
31 C -2.813657 -1.418989 2.463606 
32 C 3.002844 -0.330654 -1.004185 
33 C -1.652448 -0.151776 -3.023722 
34 C -0.202146 -1.539028 3.596135 
35 C -2.168826 -0.214246 2.916817 
36 C -0.281915 -0.199873 -3.331807 
37 C -2.361341 -1.363968 -2.718997 
38 C -0.880304 -0.273379 3.477747 
39 C 1.212804 -1.585916 3.276768 
40 C 3.07044 -1.6129 1.116822 
41 C 2.289174 -0.298009 -2.215592 
42 C -3.60063 -0.121884 0.502766 
43 C -3.308359 -1.342142 -1.62077 
44 C 1.850636 -0.370356 2.861891 
45 C 3.197625 -1.584943 -0.326504 
46 C -3.480325 -0.107073 -0.898843 
47 C -3.553823 -1.371333 1.217991 
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48 C 1.745668 -1.505998 -2.77516 
49 C 2.758464 -0.381569 1.787269 
50 C 0.415482 -1.456478 -3.349473 
51 C 3.042848 0.863198 1.128854 
52 C 3.155986 0.908671 -0.275679 
53 C 2.89646 2.090876 1.846536 
54 C 3.390339 3.234901 1.245966 
55 C 3.075016 2.161887 -0.955872 
56 H 3.594091 4.12873 1.853281 
57 C 1.770161 0.970696 -2.647767 
58 C 0.651147 3.41211 -3.403699 
59 C 0.477767 1.018032 -3.220491 
60 C 2.371026 2.182129 -2.185623 
61 C -0.178204 2.274151 -3.343479 
62 H 0.259654 4.354258 -3.81536 
63 C -2.211687 1.117928 -2.628079 
64 C -3.113536 3.561863 -1.601368 
65 C -1.581975 2.318783 -3.008813 
66 C -3.142255 1.13705 -1.538094 
67 C -3.391061 2.360134 -0.88054 
68 C -2.223698 3.541947 -2.645884 
69 H -1.933518 4.469181 -3.161133 
70 H -3.559148 4.506543 -1.256788 
71 C -3.379917 1.107182 1.217487 
72 C -2.668417 3.485262 2.517985 
73 C -3.513425 2.343551 0.554318 
74 C -2.649468 1.060405 2.452245 
75 C -2.093369 2.252068 2.957907 
76 C -3.365023 3.530213 1.338418 
77 C -0.118288 0.944631 3.555954 
78 C 1.371029 3.311585 3.418252 
79 C -0.775394 2.193603 3.537829 
80 C 1.27937 0.89881 3.246959 
81 C 1.952055 2.096778 2.949037 
82 C 0.028773 3.359794 3.708472 
83 H -0.453332 4.30732 3.989571 
84 H 1.98956 4.220202 3.456314 
85 C 1.923006 3.377355 -2.832663 
86 H 2.621948 4.218383 -2.962842 
87 C 3.446776 3.375435 -0.207262 
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88 H 4.385846 3.835933 -0.619523 
89 C 2.446296 4.67134 -0.376562 
90 C 1.362725 4.689853 -1.011284 
91 H 2.92404 5.465547 0.216846 
92 H 0.391952 4.804359 -1.426106 
93 H -3.749769 4.482045 0.944213 
94 H -2.476562 4.400099 3.097534 
 
Appendix A.2.3: Details and XYZ Coordinates of Calculations for the Structures in Figure 3.6 
 
All calculations were performed using density functional theory at the B3LYP/6-31G* level or AM1 as indicated, employing the 
programs in Spartan or Gaussian. Complete vibrational analyses were performed to confirm that all starting materials have no 
imaginary frequencies and that all transition states (TS) have one imaginary frequency. For energies, please see the tables at the 
beginning of section 3.4. 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for 33 
 
                                                    Coordinates (Angstroms) 
Atom                                       X           Y           Z  
      1          C               -3.423144    0.121360    0.000022  
      2          C               -0.942003    3.290806    0.000013  
      3          C               -2.395034   -2.446826    0.000009  
      4          C                2.840695    1.913136   -0.000015  
      5          C               -1.172801   -3.215825   -0.000001  
      6          C               -2.867206   -1.912122   -1.234532  
      7          C               -0.486430   -3.409859   -1.234542  
      8          C                0.498804    3.386325    0.000004  
      9          C                1.587847   -3.033070   -0.000019  
     10         C                3.444182   -0.137825   -1.234571 
     11         C                2.399125    2.473432   -1.234548  
     12         C               -2.704903    2.134849   -1.234550 
     13         C               -3.395787   -0.591467   -1.234511 
     14         C               -3.068501    1.521085    0.000022  
     15         C                3.376979    0.572414   -0.000022  
     16         C                1.195016    3.230913   -1.234535  
     17         C               -1.611643    3.044907   -1.234506 
     18         C                3.094889   -1.516741   -1.234567 
     19         C                2.697608   -2.109272   -0.000025 
     20         C                0.932951   -3.315925   -1.234540 
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     21         C               -2.704882    2.134843    1.234596  
     22         C                1.693216   -3.095014    2.442691  
     23         C               -3.395766   -0.591474    1.234553 
     24         C               -3.190160    1.509324    2.442767  
     25         C                3.468509    0.653478    2.442690  
     26         C                2.399137    2.473423    1.234529  
     27         C               -3.524893    0.189715    2.442674  
     28         C               -2.867186   -1.912123    1.234561 
     29         C               -0.486411   -3.409861    1.234532 
     30         C                2.739708   -2.224296    2.442689  
     31         C               -0.908414    3.408813    2.442618  
     32         C                1.195032    3.230901    1.234536  
     33         C               -2.421594   -2.566654    2.442679 
     34         C                0.932965   -3.315927    1.234511  
     35         C               -1.611627    3.044897    1.234542  
     36         C                3.094902   -1.516744    1.234517  
     37         C               -1.269182   -3.291507    2.442659 
     38         C                3.444193   -0.137833    1.234525  
     39         H               -3.768858   -0.301428    3.379718 
     40         H                1.355270   -3.526938    3.379731  
     41         H                3.225670   -1.970353    3.379785  
     42         H               -0.877377   -3.675157    3.379699 
     43         H               -1.450901    3.489085    3.379674  
     44         H                3.774729    0.198671    3.379821  
     45         H               -2.936952   -2.379273    3.379753 
     46         H               -3.170653    2.057296    3.379848  
     47         C               -2.421629   -2.566643   -2.442658 
     48         C               -1.269215   -3.291496   -2.442657 
     49         C                1.693181   -3.095001   -2.442729 
     50         C                2.739675   -2.224283   -2.442736 
     51         C                3.468477    0.653490   -2.442730  
     52         C                2.962628    1.917417   -2.442720  
     53         C                0.450001    3.498590   -2.442673  
     54         C               -0.908446    3.408825   -2.442587 
     55         C               -3.190192    1.509336   -2.442716 
     56         C               -3.524927    0.189726   -2.442626 
     57         C                0.450031    3.498575    2.442686  
     58         H                0.977171    3.649506    3.379780  
     59         C                2.962659    1.917403    2.442693  
     60         H                2.870824    2.457922    3.379798  
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     61         H                2.870776    2.457936   -3.379824  
     62         H                3.774677    0.198687   -3.379869  
     63         H                0.977127    3.649518   -3.379775  
     64         H                3.225618   -1.970331   -3.379840 
     65         H               -1.450941    3.489093   -3.379639 
     66         H                1.355219   -3.526911   -3.379769 
     67         H               -3.170693    2.057309   -3.379797 
     68         H               -0.877420   -3.675135   -3.379705 
     69         H               -3.768895   -0.301412   -3.379671 
     70         H               -2.936995   -2.379255   -3.379727 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for the concave addition of acetylene + 33 (33c) TS 
 
                                                    Coordinates (Angstroms) 
 Atom                             X                     Y                   Z  
      1         C               -0.718376    3.384196    0.068836  
      2         C                2.840559    1.653701   -0.606477  
      3         C               -2.975157    1.821702    0.413199  
      4         C                2.285214   -2.302254   -0.630805  
      5         C               -3.462276    0.462393    0.450816  
      6         C               -2.771637    2.439502   -0.856927  
      7         C               -3.721895   -0.204534   -0.783448  
      8         C                3.238703    0.275770   -0.683793  
      9         C               -2.718737   -2.192023    0.218454  
     10         C                0.243531   -3.292915   -1.598355 
     11         C                2.559049   -1.731033   -1.899744 
     12         C                1.157649    3.164456   -1.522455  
     13         C               -1.610786    3.238510   -1.034940 
     14         C                0.702793    3.350247   -0.179433  
     15         C                1.117802   -3.120965   -0.483031 
     16         C                3.051466   -0.395758   -1.926277 
     17         C                2.262178    2.287546   -1.737081  
     18         C               -1.156023   -3.273584   -1.357000 
     19         C               -1.600457   -3.075715   -0.013117 
     20         C               -3.338724   -1.565825   -0.902885 
     21         C                1.586446    3.118014    0.909712  
     22         C               -2.331729   -2.401568    2.623995 
     23         C               -1.185927    3.164449    1.397260  
     24         C                1.088011    3.394644    2.229583  
     25         C                1.656878   -3.438771    1.858081  
     26         C                2.927781   -1.785182    0.553026  
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     27         C               -0.255194    3.421607    2.467604  
     28         C               -2.346679    2.356461    1.573936  
     29         C               -3.290537   -0.293766    1.646022 
     30         C               -1.283740   -3.244102    2.404660 
     31         C                3.519447    1.714736    1.706998  
     32         C                3.419304   -0.470265    0.531189  
     33         C               -2.669511    1.734345    2.837291  
     34         C               -2.909771   -1.660602    1.527131 
     35         C                2.712264    2.250718    0.692010  
     36         C               -0.743133   -3.398986    1.075807 
     37         C               -3.125535    0.452259    2.872566  
     38         C                0.663284   -3.443713    0.833404  
     39         H               -0.613992    3.495834    3.489408  
     40         H               -2.647993   -2.193251    3.641526 
     41         H               -0.772334   -3.696917    3.249189 
     42         H               -3.248610   -0.046767    3.828866 
     43         H                3.680452    2.292510    2.611686  
     44         H                1.480259   -3.962943    2.793398  
     45         H               -2.433484    2.244497    3.766110  
     46         H                1.777746    3.437744    3.067028  
     47         C                3.866352    0.308257    1.743160  
     48         H                4.887986    0.056228    2.048790  
     49         C                2.744774   -2.587058    1.761415  
     50         H                3.553305   -2.661896    2.478672  
     51         C                3.105790   -0.101000    3.280613  
     52         H                3.562673    0.579451    3.992267  
     53         C                2.203644   -0.985880    3.358254  
     54         H                1.546289   -1.564736    3.975469  
     55         C               -3.180492   -2.215008   -2.187043 
     56         C               -2.121199   -3.039627   -2.406839 
     57         C               -3.524799    1.908277   -1.971667 
     58         C               -3.985528    0.629272   -1.936116 
     59         C                0.248183    3.530590   -2.577422  
     60         C               -1.094217    3.571440   -2.342429 
     61         C                2.960317    0.418714   -3.114707  
     62         C                2.566209    1.718713   -3.025892  
     63         C                0.815764   -3.095850   -2.906190 
     64         C                1.944962   -2.348207   -3.051525 
     65         H                2.371328    2.286292   -3.930677  
     66         H                3.073280   -0.041463   -4.091268 
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     67         H                0.616901    3.647591   -3.592095  
     68         H                2.304019   -2.108880   -4.047466 
     69         H               -1.778763    3.725977   -3.170701 
     70         H               -1.936507   -3.423394   -3.405769 
     71         H               -3.621678    2.489636   -2.883543 
     72         H                0.284881   -3.443163   -3.787327 
     73         H               -4.447467    0.199099   -2.819444 
     74         H               -3.836066   -1.949436   -3.010671 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for 35 
                                                    Coordinates (Angstroms) 
 Atom                               X               Y                 Z  
      1          C               -2.693809   -2.102691    0.627504  
      2          C               -2.834102    1.913538    0.627450  
      3          C               -0.245619   -3.409668    0.627498  
      4          C                0.942739    3.285098    0.627623  
      5          C                1.168817   -3.213746    0.627538  
      6          C               -0.942739   -3.285098   -0.627623  
      7          C                1.805813   -2.904261   -0.627467  
      8          C               -1.805813    2.904261    0.627467  
      9          C                3.167078   -1.288557    0.627563  
     10         C                2.693809    2.102691   -0.627504  
     11         C                0.245619    3.409668   -0.627498  
     12         C               -3.416753   -0.117343   -0.627557 
     13         C               -2.202445   -2.612649   -0.627567 
     14         C               -3.318547   -0.818713    0.627565 
     15         C                2.202445    2.612649    0.627567  
     16         C               -1.168817    3.213746   -0.627538 
     17         C               -3.167078    1.288557   -0.627563 
     18         C                3.318547    0.818713   -0.627565  
     19         C                3.416753    0.117343    0.627557  
     20         C                2.834102   -1.913538   -0.627450 
     21         C               -3.491548   -0.124344    1.849046 
     22         C                3.312557   -1.292277    3.033487  
     23         C               -2.254197   -2.667078    1.848987 
     24         C               -3.436971   -0.900665    3.033839 
     25         C                2.250163    2.748910    3.033767  
     26         C                0.255500    3.484004    1.849120  
     27         C               -2.831537   -2.145147    3.033727 
     28         C               -0.959214   -3.358558    1.848987 
     29         C                1.841778   -2.970612    1.848938  
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     30         C                3.554085    0.070496    3.033553  
     31         C               -2.918689    2.032858    3.033284  
     32         C               -1.198872    3.283024    1.848950  
     33         C               -0.204153   -3.548400    3.033541 
     34         C                2.899047   -1.952024    1.848944  
     35         C               -3.235514    1.321333    1.848904  
     36         C                3.392472    0.832331    1.849072  
     37         C                1.166805   -3.358930    3.033509  
     38         C                2.750080    2.152314    1.849097  
     39         H               -2.654608   -2.633727    3.987084 
     40         H                3.276990   -1.810852    3.986763  
     41         H                3.698804    0.569343    3.986980  
     42         H                1.686234   -3.342902    3.986842  
     43         H               -3.329638    1.714674    3.986577  
     44         H                2.731801    2.553762    3.987121  
     45         H               -0.708386   -3.673823    3.986891 
     46         H               -3.711780   -0.459577    3.987192 
     47         C               -0.255500   -3.484004   -1.849120 
     48         C               -1.029317   -3.400810   -3.033840 
     49         C                1.198872   -3.283024   -1.848950 
     50         C                1.921676   -2.992805   -3.033322 
     51         C                3.235514   -1.321333   -1.848904 
     52         C                3.491548    0.124344   -1.849046  
     53         C                2.918689   -2.032858   -3.033284 
     54         C                3.436971    0.900665   -3.033839  
     55         C                2.254197    2.667078   -1.848987  
     56         C                0.959214    3.358558   -1.848987  
     57         C                2.831537    2.145147   -3.033727  
     58         C                0.204153    3.548400   -3.033541  
     59         C               -1.841778    2.970612   -1.848938 
     60         C               -1.166805    3.358930   -3.033509 
     61         C               -2.899047    1.952024   -1.848944 
     62         C               -3.312557    1.292277   -3.033487 
     63         C               -3.392472   -0.832331   -1.849072 
     64         C               -3.554085   -0.070496   -3.033553 
     65         C               -2.750080   -2.152314   -1.849097 
     66         C               -2.250163   -2.748910   -3.033767 
     67         C               -1.921676    2.992805    3.033322  
     68         H               -1.588134    3.391495    3.986595  
     69         C                1.029317    3.400810    3.033840  
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     70         H                0.599130    3.692154    3.987230  
     71         H               -3.698804   -0.569343   -3.986980 
     72         H               -2.731801   -2.553762   -3.987121 
     73         H               -3.276990    1.810852   -3.986763 
     74         H               -0.599130   -3.692154   -3.987230 
     75         H               -1.686234    3.342902   -3.986842 
     76         H                1.588134   -3.391495   -3.986595 
     77         H                0.708386    3.673823   -3.986891  
     78         H                3.329638   -1.714674   -3.986577 
     79         H                2.654608    2.633727   -3.987084  
     80         H                3.711780    0.459577   -3.987192  
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for the concave addition of acetylene + 35 (35c) TS 
 
                                                    Coordinates (Angstroms) 
 Atom                                X               Y                   Z  
      1          C               -1.389798   -1.183543    2.980797  
      2          C                2.166206    0.539253    2.543551  
      3          C               -2.828818   -1.888788    0.713791  
      4          C                2.889157    0.855482   -1.376673  
      5          C               -2.828818   -1.888788   -0.713791  
      6          C               -3.189040   -0.667204    1.388331  
      7          C               -3.189040   -0.667204   -1.388331  
      8          C                2.889157    0.855482    1.376673  
      9          C               -1.389798   -1.183543   -2.980797  
     10         C                1.131611    1.430257   -2.976599  
     11         C                2.578430    2.090192   -0.713579  
     12         C               -0.090581    0.847618    3.445218  
     13         C               -2.447086   -0.304052    2.552006 
     14         C               -0.179168   -0.594561    3.451471 
     15         C                2.166206    0.539253   -2.543551  
     16         C                2.578430    2.090192    0.713579  
     17         C                1.131611    1.430257    2.976599  
     18         C               -0.090581    0.847618   -3.445218 
     19         C               -0.179168   -0.594561   -3.451471 
     20         C               -2.447086   -0.304052   -2.552006 
     21         C                0.990008   -1.383432    3.561318  
     22         C               -0.369208   -3.360579   -3.142458 
     23         C               -1.408101   -2.553557    2.617905 
     24         C                0.805074   -2.785823    3.602077  
     25         C                3.397936   -1.499248   -2.783375 
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     26         C                3.667481   -0.159797   -0.713918 
     27         C               -0.369208   -3.360579    3.142458 
     28         C               -2.163715   -2.923715    1.415712 
     29         C               -2.163715   -2.923715   -1.415712 
     30         C                0.805074   -2.785823   -3.602077 
     31         C                3.397936   -1.499248    2.783375  
     32         C                3.667481   -0.159797    0.713918  
     33         C               -1.899140   -4.113678    0.691807 
     34         C               -1.408101   -2.553557   -2.617905 
     35         C                2.257423   -0.780452    3.101418  
     36         C                0.990008   -1.383432   -3.561318 
     37         C               -1.899140   -4.113678   -0.691807 
     38         C                2.257423   -0.780452   -3.101418 
     39         H               -0.404941   -4.439535    3.026296 
     40         H               -0.404941   -4.439535   -3.026296 
     41         H                1.646152   -3.437396   -3.822304 
     42         H               -1.528594   -4.993868   -1.208352 
     43         H                3.620098   -2.422827    3.311455  
     44         H                3.620098   -2.422827   -3.311455 
     45         H               -1.528594   -4.993868    1.208352 
     46         H                1.646152   -3.437396    3.822304  
     47         C                4.079331   -1.281188    1.537729  
     48         H                5.079337   -1.684459    1.402156  
     49         C                4.079331   -1.281188   -1.537729 
     50         H                5.079337   -1.684459   -1.402156 
     51         C                3.465847   -3.095634    0.623913  
     52         H                3.310125   -3.684084    1.505661  
     53         C                3.465847   -3.095634   -0.623913 
     54         H                3.310125   -3.684084   -1.505661 
     55         C               -2.508478    1.025899   -3.035006 
     56         C               -3.617596    1.802712   -2.615899 
     57         C               -1.256681    1.634737   -3.498670 
     58         C               -1.074216    3.049582   -3.527677 
     59         C               -3.985160    0.303776    0.733536  
     60         C               -3.985160    0.303776   -0.733536 
     61         C               -4.340680    1.448585    1.490182  
     62         C               -4.340680    1.448585   -1.490182 
     63         C               -1.256681    1.634737    3.498670  
     64         C               -2.508478    1.025899    3.035006  
     65         C               -1.074216    3.049582    3.527677  
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     66         C               -3.617596    1.802712    2.615899  
     67         C                1.931155    3.141337    1.411606  
     68         C                1.155025    2.790799    2.589375  
     69         C                1.716348    4.350857    0.688176  
     70         C                0.102505    3.613773    3.088482  
     71         C                1.155025    2.790799   -2.589375  
     72         C                0.102505    3.613773   -3.088482  
     73         C                1.931155    3.141337   -1.411606  
     74         C                1.716348    4.350857   -0.688176  
     75         H                1.397372    5.246827    1.212195  
     76         H                1.397372    5.246827   -1.212195  
     77         H                0.155473    4.692577    2.977816  
     78         H                0.155473    4.692577   -2.977816  
     79         H               -1.914651    3.700972    3.747586  
     80         H               -1.914651    3.700972   -3.747586 
     81         H               -3.806509    2.771362    3.068606  
     82         H               -3.806509    2.771362   -3.068606 
     83         H               -5.070306    2.152783    1.101970  
     84         H               -5.070306    2.152783   -1.101970 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for 37 
 
                                                    Coordinates (Angstroms) 
 Atom                                 X                Y               Z  
      1          C               -3.139868   -1.383364    1.243647  
      2          C               -2.286015    2.557766    1.243697  
      3          C               -1.083390   -3.253878    1.243666  
      4          C                1.726457    2.963702    1.243647  
      5          C                0.345726   -3.412140    1.243678  
      6          C               -1.723014   -2.937977    0.000000  
      7          C                1.038973   -3.243783    0.000000  
      8          C               -1.036654    3.269456    1.243689  
      9          C                2.761299   -2.036264    1.243677  
     10         C                3.121970    1.364642    0.000000  
     11         C                1.066455    3.234514    0.000000  
     12         C               -3.327838    0.730653    0.000000  
     13         C               -2.764945   -1.990409    0.000000 
     14         C               -3.431020    0.024685    1.243626  
     15         C                2.790163    1.996279    1.243656  
     16         C               -0.333421    3.389499    0.000000  
     17         C               -2.748059    2.014169    0.000000  
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     18         C                3.407175   -0.014547    0.000000  
     19         C                3.353263   -0.725933    1.243651  
     20         C                2.262725   -2.546625    0.000000  
     21         C               -3.400651    0.739780    2.465174  
     22         C                2.884441   -2.055973    3.662843  
     23         C               -2.828090   -2.027747    2.465180 
     24         C               -3.542736   -0.031845    3.662707 
     25         C                2.847201    2.107442    3.662789  
     26         C                1.095582    3.301695    2.465209  
     27         C               -3.264614   -1.375843    3.662749 
     28         C               -1.754211   -3.004197    2.465194 
     29         C                1.054881   -3.315083    2.465246  
     30         C                3.449595   -0.805250    3.662787  
     31         C               -2.317000    2.678115    3.662951  
     32         C               -0.347071    3.461269    2.465245  
     33         C               -1.064202   -3.377128    3.662843 
     34         C                2.316098   -2.596742    2.465239  
     35         C               -2.802799    2.062381    2.465254  
     36         C                3.480066   -0.021417    2.465163  
     37         C                0.299963   -3.528035    3.662879  
     38         C                3.186230    1.399962    2.465188  
     39         H               -3.236235   -1.905866    4.609862 
     40         H                2.740836   -2.566853    4.610001  
     41         H                3.738217   -0.359668    4.609855  
     42         H                0.812865   -3.664517    4.610014  
     43         H               -2.812017    2.486875    4.610131  
     44         H                3.288810    1.813141    4.609945  
     45         H               -1.594573   -3.398353    4.609949 
     46         H               -3.727224    0.465874    4.609803  
     47         C               -1.083390   -3.253878   -1.243666 
     48         C                0.299963   -3.528035   -3.662879 
     49         C               -1.754211   -3.004197   -2.465194 
     50         C                0.345726   -3.412140   -1.243678 
     51         C                1.054881   -3.315083   -2.465246 
     52         C               -1.064202   -3.377128   -3.662843 
     53         H               -1.594573   -3.398353   -4.609949 
     54         H                0.812865   -3.664517   -4.610014 
     55         C                2.761299   -2.036264   -1.243677 
     56         C                3.449595   -0.805250   -3.662787 
     57         C                3.353263   -0.725933   -1.243651 
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     58         C                2.316098   -2.596742   -2.465239 
     59         C                2.884441   -2.055973   -3.662843 
     60         C                3.480066   -0.021417   -2.465163 
     61         H                2.740836   -2.566853   -4.610001 
     62         H                3.738217   -0.359668   -4.609855 
     63         C                2.790163    1.996279   -1.243656  
     64         C                1.831808    3.030830   -3.662771  
     65         C                1.726457    2.963702   -1.243647  
     66         C                3.186230    1.399962   -2.465188  
     67         C                2.847201    2.107442   -3.662789  
     68         C                1.095582    3.301695   -2.465209  
     69         H                3.288810    1.813141   -4.609945  
     70         H                1.497122    3.442816   -4.609872  
     71         C               -1.036654    3.269456   -1.243689 
     72         C               -2.317000    2.678115   -3.662951 
     73         C               -0.347071    3.461269   -2.465245 
     74         C               -2.286015    2.557766   -1.243697 
     75         C               -2.802799    2.062381   -2.465254 
     76         C               -1.124478    3.357500   -3.662923 
     77         H               -0.707713    3.686015   -4.610088 
     78         H               -2.812017    2.486875   -4.610131 
     79         C               -3.431020    0.024685   -1.243626 
     80         C               -3.264614   -1.375843   -3.662749 
     81         C               -3.400651    0.739780   -2.465174 
     82         C               -3.139868   -1.383364   -1.243647 
     83         C               -2.828090   -2.027747   -2.465180 
     84         C               -3.542736   -0.031845   -3.662707 
     85         H               -3.727224    0.465874   -4.609803 
     86         H               -3.236235   -1.905866   -4.609862 
     87         C               -1.124478    3.357500    3.662923  
     88         H               -0.707713    3.686015    4.610088  
     89         C                1.831808    3.030830    3.662771  
     90         H                1.497122    3.442816    4.609872  
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for the concave addition of acetylene + 37 (37c) TS 
 
                                                    Coordinates (Angstroms) 
Atom                                  X                 Y                Z  
      1          C                1.957410    0.687567    2.989675  
      2          C               -1.926014    1.511059    2.550953  
      3          C                3.529567    0.363630    0.718117  
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      4          C               -2.699410    1.706214   -1.380407  
      5          C                3.529567    0.363630   -0.718117  
      6          C                3.044206   -0.808535    1.390871  
      7          C                3.044206   -0.808535   -1.390871  
      8          C               -2.699410    1.706214    1.380407  
      9          C                1.957410    0.687567   -2.989675  
     10         C               -1.627345    0.173604   -2.964203 
     11         C               -3.189064    0.541249   -0.703588 
     12         C               -0.326998   -0.109829    3.426829 
     13         C                2.246649   -0.644570    2.539757  
     14         C                0.630628    0.966503    3.460690  
     15         C               -1.926014    1.511059   -2.550953 
     16         C               -3.189064    0.541249    0.703588  
     17         C               -1.627345    0.173604    2.964203  
     18         C               -0.326998   -0.109829   -3.426829 
     19         C                0.630628    0.966503   -3.460690  
     20         C                2.246649   -0.644570   -2.539757 
     21         C                0.186396    2.304119    3.549401  
     22         C                2.468142    3.048076   -3.130096  
     23         C                2.799046    1.761300    2.606845  
     24         C                1.196688    3.310600    3.586678  
     25         C               -1.640736    3.879578   -2.778649 
     26         C               -2.673705    2.978710   -0.711753 
     27         C                2.468142    3.048076    3.130096  
     28         C                3.617025    1.592574    1.415559  
     29         C                3.617025    1.592574   -1.415559  
     30         C                1.196688    3.310600   -3.586678  
     31         C               -1.640736    3.879578    2.778649  
     32         C               -2.673705    2.978710    0.711753  
     33         C                4.141161    2.705225    0.687149  
     34         C                2.799046    1.761300   -2.606845  
     35         C               -1.175561    2.602570    3.092686  
     36         C                0.186396    2.304119   -3.549401  
     37         C                4.141161    2.705225   -0.687149  
     38         C               -1.175561    2.602570   -3.092686 
     39         H                3.166358    3.872850    3.025631  
     40         H                3.166358    3.872850   -3.025631  
     41         H                0.928598    4.336355   -3.823581  
     42         H                4.405277    3.619439   -1.209766  
     43         H               -1.258575    4.740834    3.320064  
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     44         H               -1.258575    4.740834   -3.320064 
     45         H                4.405277    3.619439    1.209766  
     46         H                0.928598    4.336355    3.823581  
     47         C               -2.307551    4.129570    1.540060  
     48         H               -2.892086    5.040433    1.428850  
     49         C               -2.307551    4.129570   -1.540060 
     50         H               -2.892086    5.040433   -1.428850 
     51         C               -0.790351    5.213245    0.625323  
     52         H               -0.306369    5.625326    1.488465  
     53         C               -0.790351    5.213245   -0.625323 
     54         H               -0.306369    5.625326   -1.488465 
     55         C                1.447743   -1.748941   -2.983961 
     56         C               -0.331696   -3.854884   -3.503966 
     57         C                1.782629   -3.064926   -2.588997 
     58         C                0.108484   -1.468066   -3.436741 
     59         C               -0.848696   -2.516748   -3.456548 
     60         C                0.945335   -4.120540   -3.087108 
     61         H                1.267440   -5.153660   -3.000660 
     62         H               -0.994102   -4.683411   -3.735992 
     63         C                3.030284   -2.073637    0.719325  
     64         C                2.657024   -4.469215   -0.685456 
     65         C                3.030284   -2.073637   -0.719325 
     66         C                2.610672   -3.235156    1.413165  
     67         C                2.657024   -4.469215    0.685456  
     68         C                2.610672   -3.235156   -1.413165 
     69         H                2.548448   -5.412748    1.211373  
     70         H                2.548448   -5.412748   -1.211373 
     71         C                0.108484   -1.468066    3.436741  
     72         C                0.945335   -4.120540    3.087108  
     73         C                1.447743   -1.748941    2.983961  
     74         C               -0.848696   -2.516748    3.456548 
     75         C               -0.331696   -3.854884    3.503966 
     76         C                1.782629   -3.064926    2.588997  
     77         H               -0.994102   -4.683411    3.735992 
     78         H                1.267440   -5.153660    3.000660  
     79         C               -3.282757   -0.714622    1.388671 
     80         C               -3.104757   -3.246148    2.588779 
     81         C               -2.463110   -0.908142    2.550801 
     82         C               -3.813381   -1.848924    0.721827 
     83         C               -3.895212   -3.061956    1.484662 
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     84         C               -2.187645   -2.224538    3.003785 
     85         H               -4.476530   -3.898388    1.108898 
     86         H               -3.079063   -4.223139    3.061900 
     87         C               -2.463110   -0.908142   -2.550801 
     88         C               -3.895212   -3.061956   -1.484662 
     89         C               -2.187645   -2.224538   -3.003785 
     90         C               -3.282757   -0.714622   -1.388671 
     91         C               -3.813381   -1.848924   -0.721827 
     92         C               -3.104757   -3.246148   -2.588779 
     93         H               -3.079063   -4.223139   -3.061900 
     94         H               -4.476530   -3.898388   -1.108898 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for 39 
 
                                                    Coordinates (Angstroms) 
 Atom                                 X                 Y               Z  
      1          C                1.858694   -2.971328    1.723047  
      2          C                1.858609   -2.557138   -2.292746  
      3          C                1.858723   -0.719773    3.357158  
      4          C                1.858576    1.390582   -3.139577  
      5          C                1.858739    0.720759    3.357013  
      6          C                3.085495   -1.411666    3.164306  
      7          C                3.085527    1.412636    3.163968  
      8          C                1.858629   -1.391551   -3.139267  
      9          C                1.858660    2.971886    1.722251  
     10         C                3.085371    3.003116   -1.730867  
     11         C                3.085361    0.717336   -3.389726  
     12         C                3.085378   -3.447137   -0.364555 
     13         C                3.085523   -2.573671    2.321181  
     14         C                1.858634   -3.416756    0.353072  
     15         C                1.858610    2.556587   -2.293619  
     16         C                3.085420   -0.718338   -3.389577 
     17         C                3.085351   -3.003569   -1.730007 
     18         C                3.085332    3.447092   -0.365564  
     19         C                1.858603    3.416813    0.352091  
     20         C                3.085476    2.574313    2.320406  
     21         C                0.621789   -3.396826   -0.360072 
     22         C               -0.621760    2.960467    1.704221  
     23         C                0.621862   -2.535858    2.288311  
     24         C               -0.621771   -3.396842    0.361048 
     25         C               -0.621862    2.535858   -2.288311 
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     26         C                0.621732    0.706113   -3.340839  
     27         C               -0.621759   -2.959891    1.704993 
     28         C                0.621867   -1.391977    3.118181  
     29         C                0.621871    1.392929    3.117885  
     30         C               -0.621789    3.396826    0.360072  
     31         C               -0.621850   -2.536377   -2.287448 
     32         C                0.621753   -0.707096   -3.340663 
     33         C               -0.621733   -0.706113    3.340838 
     34         C                0.621850    2.536378    2.287448  
     35         C                0.621761   -2.960467   -1.704222 
     36         C                0.621771    3.396843   -0.361048  
     37         C               -0.621753    0.707095    3.340662  
     38         C                0.621759    2.959892   -1.704993  
     39         C                4.289912   -0.682482    3.468117  
     40         C                4.289966    0.683529    3.467842  
     41         C                4.289815    3.089078    1.720965  
     42         C                4.289712    3.511229    0.421840  
     43         C                4.289840    2.591580   -2.405154  
     44         C                4.289744    1.485963   -3.207373  
     45         C                4.289860   -1.486866   -3.207003 
     46         C                4.289795   -2.592181   -2.404394 
     47         C                4.289757   -3.511201    0.422872  
     48         C                4.289849   -3.088527    1.721851  
     49         C               -0.621871   -1.392929   -3.117885 
     50         C               -0.621867    1.391977   -3.118180 
     51         C               -1.858660   -2.971886   -1.722252 
     52         C               -4.289712   -3.511229   -0.421840 
     53         C               -1.858603   -3.416813   -0.352092 
     54         C               -3.085476   -2.574313   -2.320406 
     55         C               -4.289815   -3.089079   -1.720965 
     56         C               -3.085331   -3.447092    0.365564 
     57         H               -5.231907   -3.020937   -2.256280 
     58         H               -5.231717   -3.770684    0.051517 
     59         C               -1.858610   -2.556587    2.293620 
     60         C               -4.289743   -1.485965    3.207374 
     61         C               -1.858576   -1.390582    3.139578 
     62         C               -3.085371   -3.003116    1.730868 
     63         C               -4.289839   -2.591582    2.405155 
     64         C               -3.085362   -0.717337    3.389725 
     65         H               -5.231930   -3.079680    2.175010 
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     66         H               -5.231757   -1.115735    3.600182 
     67         C               -1.858629    1.391551    3.139267  
     68         C               -4.289795    2.592182    2.404393  
     69         C               -3.085421    0.718338    3.389576  
     70         C               -1.858609    2.557138    2.292746  
     71         C               -3.085351    3.003570    1.730007  
     72         C               -4.289861    1.486867    3.207002  
     73         H               -5.231986    1.116889    3.599715  
     74         H               -5.231828    3.080236    2.173871  
     75         C               -1.858633    3.416757   -0.353071 
     76         C               -4.289848    3.088529   -1.721851 
     77         C               -3.085378    3.447138    0.364554  
     78         C               -1.858694    2.971328   -1.723047 
     79         C               -3.085523    2.573671   -2.321181 
     80         C               -4.289756    3.511202   -0.422872 
     81         H               -5.231814    3.770925    0.050207  
     82         H               -5.231970    3.020067   -2.257055 
     83         C               -1.858723    0.719772   -3.357158 
     84         C               -4.289966   -0.683529   -3.467841 
     85         C               -3.085495    1.411665   -3.164306 
     86         C               -1.858739   -0.720759   -3.357013 
     87         C               -3.085527   -1.412636   -3.163969 
     88         C               -4.289912    0.682482   -3.468116 
     89         H               -5.231970    1.212775   -3.568596 
     90         H               -5.232052   -1.213814   -3.567938 
     91         H                5.231717    3.770684   -0.051518  
     92         H                5.231930    3.079679   -2.175009  
     93         H                5.231757    1.115734   -3.600182  
     94         H                5.231985   -1.116887   -3.599717 
     95         H                5.231907    3.020936    2.256280  
     96         H                5.231828   -3.080236   -2.173872 
     97         H                5.232051    1.213814    3.567939  
     98         H                5.231814   -3.770924   -0.050207 
     99         H                5.231969   -1.212776    3.568599  
    100         H                5.231970   -3.020065    2.257055 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for the concave addition of acetylene + 39 (39c) TS 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for 40 
 
                                                    Coordinates (Angstroms) 
 Atom                                 X              Y                Z  
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      1          C               -1.224896   -2.616950    2.215455  
      2          C               -1.224917    1.298702    3.173170  
      3          C               -1.225010   -3.397566   -0.464478  
      4          C               -1.224960    3.419790   -0.254317  
      5          C               -1.225003   -2.916128   -1.804051  
      6          C               -2.473024   -3.423502    0.249838  
      7          C               -2.472965   -2.481393   -2.371392  
      8          C               -1.224963    2.475467    2.372223  
      9          C               -1.224909   -0.608229   -3.373977  
     10         C               -2.472898    2.622707   -2.214098 
     11         C               -2.472975    3.401742    0.460144  
     12         C               -2.472812   -0.820090    3.332260 
     13         C               -2.472919   -3.022480    1.626977 
     14         C               -1.224876   -1.491244    3.086664 
     15         C               -1.224938    3.021656   -1.620989 
     16         C               -2.472990    2.916507    1.809913  
     17         C               -2.472849    0.613556    3.376621  
     18         C               -2.472860    1.488473   -3.092066 
     19         C               -1.224902    0.814541   -3.329877 
     20         C               -2.472895   -1.295616   -3.178435 
     21         C                0.000000   -0.826487    3.348525  
     22         C                1.224909   -0.608229   -3.373976 
     23         C                0.000000   -3.036688    1.637124  
     24         C                1.224877   -1.491244    3.086662  
     25         C                1.224937    3.021657   -1.620990  
     26         C                0.000000    3.419205    0.460168  
     27         C                1.224896   -2.616950    2.215455  
     28         C               -0.000001   -3.441256    0.248638 
     29         C               -0.000001   -2.495530   -2.381479 
     30         C                1.224903    0.814541   -3.329876  
     31         C                1.224918    1.298702    3.173170  
     32         C                0.000000    2.930059    1.821047  
     33         C                1.225009   -3.397565   -0.464478 
     34         C                0.000000   -1.300006   -3.195232 
     35         C                0.000001    0.619003    3.393354  
     36         C                0.000000    1.493904   -3.108693  
     37         C                1.225002   -2.916128   -1.804050 
     38         C                0.000000    2.637621   -2.223567  
     39         C               -3.695639   -3.461565   -0.465517 
     40         C               -4.883879   -3.534969    0.310240 
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     41         C               -3.695606   -2.966128   -1.843977 
     42         C               -4.883783   -2.528910   -2.488958 
     43         C               -3.695362   -0.626961   -3.436050 
     44         C               -3.695328    0.837136   -3.390603 
     45         C               -4.883678   -1.387299   -3.266400 
     46         C               -4.883552    1.585708   -3.174383 
     47         C               -3.695460    3.074423   -1.657946 
     48         C               -3.695545    3.483971   -0.251643 
     49         C               -4.883646    2.677746   -2.328731 
     50         C               -4.883876    3.509058    0.526943  
     51         C               -3.695544    2.526744    2.411098  
     52         C               -4.883899    3.041739    1.826712  
     53         C               -3.695415    1.315907    3.235331  
     54         C               -4.883526    0.583122    3.500384  
     55         C               -3.695357   -1.512441    3.148093 
     56         C               -4.883478   -0.797451    3.458086 
     57         C               -3.695397   -2.670668    2.251327 
     58         C               -4.883730   -3.148985    1.636403 
     59         C                1.224964    2.475468    2.372223  
     60         C                1.224959    3.419790   -0.254317  
     61         C                2.472849    0.613556    3.376620  
     62         C                4.883479   -0.797450    3.458086  
     63         C                2.472813   -0.820089    3.332260  
     64         C                3.695416    1.315907    3.235329  
     65         C                4.883526    0.583122    3.500383  
     66         C                3.695358   -1.512441    3.148092  
     67         H                5.836098    1.098974    3.572474  
     68         H                5.836029   -1.316751    3.498800  
     69         C                2.472919   -3.022481    1.626976  
     70         C                4.883878   -3.534971    0.310240  
     71         C                2.473023   -3.423504    0.249838  
     72         C                3.695397   -2.670668    2.251326  
     73         C                4.883730   -3.148987    1.636403  
     74         C                3.695638   -3.461568   -0.465517 
     75         H                5.836228   -3.058189    2.149495  
     76         H                5.836568   -3.733642   -0.170992 
     77         C                2.472965   -2.481392   -2.371391 
     78         C                4.883678   -1.387301   -3.266398 
     79         C                3.695605   -2.966131   -1.843979 
     80         C                2.472895   -1.295616   -3.178433 
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     81         C                3.695363   -0.626961   -3.436047 
     82         C                4.883782   -2.528912   -2.488958 
     83         H                5.836409   -2.988308   -2.243730 
     84         H                5.836220   -0.990639   -3.604074 
     85         C                2.472860    1.488473   -3.092065  
     86         C                4.883646    2.677746   -2.328732  
     87         C                3.695329    0.837135   -3.390602  
     88         C                2.472897    2.622707   -2.214098  
     89         C                3.695460    3.074424   -1.657947  
     90         C                4.883552    1.585708   -3.174384  
     91         H                5.836029    1.210985   -3.536418  
     92         H                5.836258    3.121710   -2.056486  
     93         C                2.472975    3.401743    0.460143  
     94         C                4.883899    3.041741    1.826712  
     95         C                3.695546    3.483971   -0.251644  
     96         C                2.472990    2.916507    1.809911  
     97         C                3.695544    2.526744    2.411097  
     98         C                4.883875    3.509059    0.526943  
     99         H                5.836495    3.736587    0.058436  
    100         H                5.836521    2.919112    2.332883 
    101         H               -5.836258    3.121708   -2.056483 
    102         H               -5.836496    3.736586    0.058437 
    103         H               -5.836029    1.210984   -3.536415 
    104         H               -5.836521    2.919106    2.332882 
    105         H               -5.836219   -0.990638   -3.604078 
    106         H               -5.836098    1.098973    3.572476 
    107         H               -5.836411   -2.988305   -2.243730 
    108         H               -5.836028   -1.316752    3.498799 
    109         H               -5.836568   -3.733640   -0.170993 
    110         H               -5.836228   -3.058190    2.149496 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for the concave addition of acetylene + 40 (40c) TS 
 
                                                    Coordinates (Angstroms) 
 Atom                                X                  Y               Z  
      1          C                1.870529    2.224282    2.994058  
      2          C               -2.095553    2.413907    2.553645  
      3          C                3.476169    2.151481    0.716791  
      4          C               -2.887849    2.478555   -1.382166  
      5          C                3.476169    2.151481   -0.716791  
      6          C                3.201533    0.914234    1.397008  
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      7          C                3.201533    0.914234   -1.397008  
      8          C               -2.887849    2.478555    1.382166  
      9          C                1.870529    2.224282   -2.994058  
     10         C               -1.603541    1.145416   -2.989932 
     11         C               -3.198788    1.250391   -0.711796 
     12         C               -0.255313    1.072509    3.458153  
     13         C                2.380637    0.951243    2.560140  
     14         C                0.518860    2.289061    3.464470  
     15         C               -2.095553    2.413907   -2.553645 
     16         C               -3.198788    1.250391    0.711796  
     17         C               -1.603541    1.145416    2.989932  
     18         C               -0.255313    1.072509   -3.458153 
     19         C                0.518860    2.289061   -3.464470  
     20         C                2.380637    0.951243   -2.560140  
     21         C               -0.133642    3.542447    3.556500  
     22         C                2.004807    4.629704   -3.130365  
     23         C                2.536482    3.419048    2.616593  
     24         C                0.699350    4.688550    3.586125  
     25         C               -2.195540    4.795079   -2.779849 
     26         C               -3.076490    3.741280   -0.714154 
     27         C                2.004807    4.629704    3.130365  
     28         C                3.377314    3.380613    1.416903  
     29         C                3.377314    3.380613   -1.416903  
     30         C                0.699350    4.688550   -3.586125  
     31         C               -2.195540    4.795079    2.779849  
     32         C               -3.076490    3.741280    0.714154  
     33         C                3.713469    4.553632    0.691000  
     34         C                2.536482    3.419048   -2.616593  
     35         C               -1.535037    3.617817    3.099396  
     36         C               -0.133642    3.542447   -3.556500 
     37         C                3.713469    4.553632   -0.691000  
     38         C               -1.535037    3.617817   -3.099396 
     39         H                2.551038    5.559884    3.007786  
     40         H                2.551038    5.559884   -3.007786  
     41         H                0.270350    5.664104   -3.797074  
     42         H               -1.950732    5.713016    3.307611  
     43         H               -1.950732    5.713016   -3.307611 
     44         H                0.270350    5.664104    3.797074  
     45         C               -2.903026    4.925808    1.538463  
     46         H               -3.594362    5.753749    1.405836  
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     47         C               -2.903026    4.925808   -1.538463 
     48         H               -3.594362    5.753749   -1.405836 
     49         C               -1.512342    6.242575    0.623906  
     50         C               -1.512342    6.242575   -0.623906 
     51         C                1.764065   -0.246159   -3.003247 
     52         C                0.265911   -2.653086   -3.424140 
     53         C                2.262375   -1.496520   -2.555116 
     54         C                0.393388   -0.179062   -3.462808 
     55         C               -0.384405   -1.373300   -3.423170 
     56         C                1.630446   -2.718399   -2.980484 
     57         C                3.380415   -0.319350    0.722430  
     58         C                3.253350   -2.789971   -0.717276 
     59         C                3.380415   -0.319350   -0.722430 
     60         C                3.086895   -1.533876    1.396618  
     61         C                3.253350   -2.789971    0.717276  
     62         C                3.086895   -1.533876   -1.396618 
     63         C                0.393388   -0.179062    3.462808  
     64         C                1.630446   -2.718399    2.980484  
     65         C                1.764065   -0.246159    3.003247  
     66         C               -0.384405   -1.373300    3.423170 
     67         C                0.265911   -2.653086    3.424140  
     68         C                2.262375   -1.496520    2.555116  
     69         C               -3.079498    0.012319    1.396604  
     70         C               -2.375617   -2.513443    2.554976 
     71         C               -2.246942   -0.042050    2.565522 
     72         C               -3.356108   -1.204968    0.709124 
     73         C               -3.217642   -2.462206    1.392281 
     74         C               -1.727415   -1.302978    2.974583 
     75         C               -2.246942   -0.042050   -2.565522 
     76         C               -3.217642   -2.462206   -1.392281 
     77         C               -1.727415   -1.302978   -2.974583 
     78         C               -3.079498    0.012319   -1.396604 
     79         C               -3.356108   -1.204968   -0.709124 
     80         C               -2.375617   -2.513443   -2.554976 
     81         C               -1.896271   -3.764437   -3.016179 
     82         C               -0.510479   -3.838191   -3.467456 
     83         C               -2.621988   -4.917635   -2.598173 
     84         C                0.207858   -5.067632   -3.511627 
     85         C                2.178763   -3.965701   -2.600312 
     86         C                3.035092   -4.004191   -1.414633 
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     87         C                1.518472   -5.129367   -3.090312 
     88         C                3.268203   -5.204996   -0.690167 
     89         C                3.035092   -4.004191    1.414633  
     90         C                3.268203   -5.204996    0.690167  
     91         C                2.178763   -3.965701    2.600312  
     92         C                1.518472   -5.129367    3.090312  
     93         C               -0.510479   -3.838191    3.467456 
     94         C                0.207858   -5.067632    3.511627  
     95         C               -1.896271   -3.764437    3.016179 
     96         C               -2.621988   -4.917635    2.598173 
     97         C               -3.557785   -3.667606    0.729099 
     98         C               -3.432157   -4.869683    1.485229 
     99         C               -3.557785   -3.667606   -0.729099 
    100         C               -3.432157   -4.869683   -1.485229 
    101         H                3.284219   -6.158596    1.208862 
    102         H                3.284219   -6.158596   -1.208862 
    103         H                1.985080   -6.103905    2.984417 
    104         H                1.985080   -6.103905   -2.984417 
    105         H               -0.314506   -5.995320    3.724432 
    106         H               -0.314506   -5.995320   -3.724432 
    107         H               -2.421105   -5.881786    3.055228 
    108         H               -2.421105   -5.881786   -3.055228 
    109         H               -3.844070   -5.797924    1.101344 
    110         H               -3.844070   -5.797924   -1.101344 
    111         H               -1.102782    6.692467    1.505862 
    112         H               -1.102782    6.692467   -1.505862 
    113         H                3.811122    5.503445    1.207791 
    114         H                3.811122    5.503445   -1.207791 
 
Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for 41 
 
                                                    Coordinates (Angstroms) 
 Atom                                X                 Y                Z  
      1          C               -2.877201   -1.890972   -0.611385  
      2          C               -2.688553    2.150012   -0.611426  
      3          C               -0.522832   -3.398941   -0.611428  
      4          C                1.214408    3.217904   -0.611594  
      5          C                0.910319   -3.317324   -0.611463  
      6          C               -1.212747   -3.196695   -1.847844  
      7          C                1.572618   -3.037178   -1.847873  
      8          C               -1.576851    3.058132   -0.611466  
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      9          C                3.075469   -1.548589   -0.611522  
     10         C                2.863088    1.874591   -1.848084  
     11         C                0.513825    3.379566   -1.847977  
     12         C               -3.419997    0.165183   -1.847803 
     13         C               -2.404590   -2.432967   -1.847831 
     14         C               -3.399255   -0.553750   -0.611387 
     15         C                2.423112    2.443393   -0.611619  
     16         C               -0.899342    3.299172   -1.847890 
     17         C               -3.059634    1.534006   -1.847804 
     18         C                3.377882    0.556155   -1.848018  
     19         C                3.440803   -0.160270   -0.611556 
     20         C                2.668642   -2.141647   -1.847913 
     21         C               -3.440803    0.160270    0.611556  
     22         C                3.059634   -1.534006    1.847804  
     23         C               -2.423112   -2.443393    0.611619 
     24         C               -3.377882   -0.556155    1.848018 
     25         C                2.404590    2.432967    1.847831  
     26         C                0.522832    3.398941    0.611428  
     27         C               -2.863088   -1.874591    1.848084 
     28         C               -1.214408   -3.217904    0.611594 
     29         C                1.576851   -3.058132    0.611466  
     30         C                3.419997   -0.165183    1.847803  
     31         C               -2.668642    2.141647    1.847913  
     32         C               -0.910319    3.317324    0.611463  
     33         C               -0.513825   -3.379566    1.847977 
     34         C                2.688553   -2.150012    0.611426  
     35         C               -3.075469    1.548589    0.611522  
     36         C                3.399255    0.553750    0.611387  
     37         C                0.899342   -3.299172    1.847890  
     38         C                2.877201    1.890972    0.611385  
     39         C               -0.524981   -3.391208   -3.091641 
     40         C                0.885230   -3.425840   -5.510947 
     41         C               -1.228134   -3.254737   -4.314048 
     42         C                0.911475   -3.309228   -3.091661 
     43         C                1.594471   -3.093197   -4.314090 
     44         C               -0.485852   -3.503854   -5.510931 
     45         H               -1.004549   -3.607830   -6.458949 
     46         H                1.412168   -3.470703   -6.459052 
     47         C                3.067117   -1.548254   -3.091754 
     48         C                3.536652   -0.218197   -5.510920 
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     49         C                3.433173   -0.156758   -3.091800 
     50         C                2.719223   -2.174560   -4.314077 
     51         C                3.187324   -1.546345   -5.510863 
     52         C                3.437668    0.559431   -4.314274  
     53         H                3.743211    0.268654   -6.459004  
     54         C                2.420025    2.435543   -3.091928  
     55         C                1.298238    3.291256   -5.511111  
     56         C                1.208604    3.211933   -3.091851  
     57         C                2.908995    1.911994   -4.314443  
     58         C                2.454288    2.549828   -5.511252  
     59         C                0.528923    3.437728   -4.314249  
     60         H                0.898037    3.636833   -6.459222  
     61         C               -1.570544    3.053045   -3.091644 
     62         C               -2.732691    2.252927   -5.510787 
     63         C               -0.921020    3.355063   -4.314108 
     64         C               -2.684634    2.142712   -3.091599 
     65         C               -3.110517    1.566711   -4.313990 
     66         C               -1.668815    3.121276   -5.510816 
     67         H               -1.310609    3.510479   -6.458875 
     68         H               -3.185442    1.979881   -6.458930 
     69         C               -3.392307   -0.549173   -3.091634 
     70         C               -2.987041   -1.900172   -5.511059 
     71         C               -3.479605    0.162079   -4.313984 
     72         C               -2.868934   -1.889365   -3.091694 
     73         C               -2.450945   -2.471076   -4.314076 
     74         C               -3.486461   -0.620971   -5.511003 
     75         H               -3.746079   -0.159904   -6.459005 
     76         H               -2.866081   -2.414847   -6.459216 
     77         C               -1.572618    3.037178    1.847873  
     78         C                1.212747    3.196695    1.847844  
     79         C               -3.067117    1.548254    3.091754  
     80         C               -3.536652    0.218197    5.510920  
     81         C               -3.433173    0.156758    3.091800  
     82         C               -2.719223    2.174560    4.314077  
     83         C               -3.187324    1.546345    5.510863  
     84         C               -3.437668   -0.559431    4.314274 
     85         H               -3.127070    2.072046    6.458810  
     86         H               -3.743211   -0.268654    6.459004 
     87         C               -2.420025   -2.435543    3.091928 
     88         C               -1.298238   -3.291256    5.511111 
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     89         C               -1.208604   -3.211933    3.091851 
     90         C               -2.908995   -1.911994    4.314443 
     91         C               -2.454288   -2.549828    5.511252 
     92         C               -0.528923   -3.437728    4.314249 
     93         H               -2.934880   -2.329526    6.459469 
     94         H               -0.898037   -3.636833    6.459222 
     95         C                1.570544   -3.053045    3.091644  
     96         C                2.732691   -2.252927    5.510787  
     97         C                0.921020   -3.355063    4.314108  
     98         C                2.684634   -2.142712    3.091599  
     99         C                3.110517   -1.566711    4.313990  
    100         C                1.668815   -3.121276    5.510816 
    101         H                1.310609   -3.510479    6.458875 
    102         H                3.185442   -1.979881    6.458930 
    103         C                3.392307    0.549173    3.091634 
    104         C                2.987041    1.900172    5.511059 
    105         C                3.479605   -0.162079    4.313984 
    106         C                2.868934    1.889365    3.091694 
    107         C                2.450945    2.471076    4.314076 
    108         C                3.486461    0.620971    5.511003 
    109         H                3.746079    0.159904    6.459005 
    110         H                2.866081    2.414847    6.459216 
    111         C                0.524981    3.391208    3.091641 
    112         C               -0.885230    3.425840    5.510947 
    113         C                1.228134    3.254737    4.314048 
    114         C               -0.911475    3.309228    3.091661 
    115         C               -1.594471    3.093197    4.314090 
    116         C                0.485852    3.503854    5.510931 
    117         H                1.004549    3.607830    6.458949 
    118         H               -1.412168    3.470703    6.459052 
    119         H                2.934880    2.329526   -6.459469 





Calculated DFT (B3LYP/6-31G*) X,Y,Z-coordinates for the concave addition of acetylene + 41 (41c) TS 
 
                                                    Coordinates (Angstroms) 
Atom                                    X               Y               Z  
      1          C               -1.861450    2.870620   -2.994386  
      2          C                2.109499    3.005114   -2.553432  
      3          C               -3.466256    2.820429   -0.718448  
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      4          C                2.905185    3.058857    1.381609  
      5          C               -3.466256    2.820429    0.718448  
      6          C               -3.199807    1.581983   -1.396342  
      7          C               -3.199807    1.581983    1.396342  
      8          C                2.905185    3.058857   -1.381609  
      9          C               -1.861450    2.870620    2.994386  
     10         C                1.589428    1.742647    2.981135  
     11         C                3.190796    1.826176    0.707138  
     12         C                0.251976    1.690605   -3.446598  
     13         C               -2.383990    1.607275   -2.552351 
     14         C               -0.505531    2.916811   -3.464917 
     15         C                2.109499    3.005114    2.553432  
     16         C                3.190796    1.826176   -0.707138  
     17         C                1.589428    1.742647   -2.981135  
     18         C                0.251976    1.690605    3.446598  
     19         C               -0.505531    2.916811    3.464917  
     20         C               -2.383990    1.607275    2.552351  
     21         C                0.165087    4.158382   -3.547312  
     22         C               -1.953411    5.284334    3.124281  
     23         C               -2.503682    4.073963   -2.607787 
     24         C               -0.653747    5.323989   -3.578715 
     25         C                2.242287    5.387101    2.776175  
     26         C                3.103985    4.317016    0.711906  
     27         C               -1.953411    5.284334   -3.124281 
     28         C               -3.339979    4.047351   -1.415591 
     29         C               -3.339979    4.047351    1.415591  
     30         C               -0.653747    5.323989    3.578715  
     31         C                2.242287    5.387101   -2.776175  
     32         C                3.103985    4.317016   -0.711906  
     33         C               -3.662787    5.232222   -0.687703 
     34         C               -2.503682    4.073963    2.607787  
     35         C                1.559763    4.213799   -3.091212  
     36         C                0.165087    4.158382    3.547312  
     37         C               -3.662787    5.232222    0.687703  
     38         C                1.559763    4.213799    3.091212  
     39         H               -2.495186    6.218438   -3.012919 
     40         H               -2.495186    6.218438    3.012919  
     41         H               -0.210309    6.289431    3.805425  
     42         H                2.017268    6.303377   -3.315310  
     43         H                2.017268    6.303377    3.315310  
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     44         H               -0.210309    6.289431   -3.805425 
     45         C                2.951677    5.511856   -1.541281  
     46         H                3.687278    6.305337   -1.430341  
     47         C                2.951677    5.511856    1.541281  
     48         H                3.687278    6.305337    1.430341  
     49         C                1.655032    6.867889   -0.624962  
     50         C                1.655032    6.867889    0.624962  
     51         C               -1.783516    0.389933    3.000847  
     52         C               -0.332052   -2.025425    3.409623 
     53         C               -2.310552   -0.849707    2.565996 
     54         C               -0.418964    0.436940    3.457005  
     55         C                0.342312   -0.762337    3.435747  
     56         C               -1.675931   -2.070770    2.972050 
     57         C               -3.400171    0.340283   -0.718523 
     58         C               -3.303495   -2.119774    0.707134 
     59         C               -3.400171    0.340283    0.718523  
     60         C               -3.141863   -0.875747   -1.398678 
     61         C               -3.303495   -2.119774   -0.707134 
     62         C               -3.141863   -0.875747    1.398678 
     63         C               -0.418964    0.436940   -3.457005 
     64         C               -1.675931   -2.070770   -2.972050 
     65         C               -1.783516    0.389933   -3.000847 
     66         C                0.342312   -0.762337   -3.435747 
     67         C               -0.332052   -2.025425   -3.409623 
     68         C               -2.310552   -0.849707   -2.565996 
     69         C                3.057007    0.580681   -1.396870  
     70         C                2.316433   -1.922079   -2.540681 
     71         C                2.224302    0.537999   -2.561494  
     72         C                3.330022   -0.635218   -0.714604 
     73         C                3.145769   -1.883751   -1.394652 
     74         C                1.696568   -0.710421   -2.983827 
     75         C                2.224302    0.537999    2.561494  
     76         C                3.145769   -1.883751    1.394652  
     77         C                1.696568   -0.710421    2.983827  
     78         C                3.057007    0.580681    1.396870  
     79         C                3.330022   -0.635218    0.714604  
     80         C                2.316433   -1.922079    2.540681  
     81         C                1.796386   -3.186425    2.970631  
     82         C                0.585709   -5.657980    3.499583  
     83         C                0.428771   -3.239844    3.415358  
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     84         C                2.447009   -4.384247    2.581180  
     85         C                1.890123   -5.607148    3.078700  
     86         C               -0.241124   -4.488801    3.450804 
     87         H                2.449089   -6.533442    2.988565  
     88         H                0.145907   -6.623088    3.731653  
     89         C               -2.216815   -3.330639    2.557942 
     90         C               -3.053476   -5.779911    1.483869 
     91         C               -3.061459   -3.356583    1.392025 
     92         C               -1.618731   -4.535666    3.007019 
     93         C               -2.244258   -5.755638    2.590365 
     94         C               -3.283076   -4.585995    0.724608 
     95         H               -1.968352   -6.694421    3.060766 
     96         H               -3.399287   -6.737159    1.106246 
     97         C               -3.061459   -3.356583   -1.392025 
     98         C               -2.244258   -5.755638   -2.590365 
     99         C               -3.283076   -4.585995   -0.724608 
    100         C               -2.216815   -3.330639   -2.557942 
    101         C               -1.618731   -4.535666   -3.007019 
    102         C               -3.053476   -5.779911   -1.483869 
    103         H               -3.399287   -6.737159   -1.106246 
    104         H               -1.968352   -6.694421   -3.060766 
    105         C                0.428771   -3.239844   -3.415358 
    106         C                1.890123   -5.607148   -3.078700 
    107         C               -0.241124   -4.488801   -3.450804 
    108         C                1.796386   -3.186425   -2.970631 
    109         C                2.447009   -4.384247   -2.581180 
    110         C                0.585709   -5.657980   -3.499583 
    111         H                0.145907   -6.623088   -3.731653 
    112         H                2.449089   -6.533442   -2.988565 
    113         C                3.431717   -3.115386   -0.719466 
    114         C                3.648644   -5.530885    0.685624 
    115         C                3.300899   -4.346228   -1.412380 
    116         C                3.431717   -3.115386    0.719466 
    117         C                3.300899   -4.346228    1.412380 
    118         C                3.648644   -5.530885   -0.685624 
    119         H                3.771135   -6.472785   -1.211489 
    120         H                3.771135   -6.472785    1.211489 
    121         H                1.262875    7.359380    1.493063 
    122         H                1.262875    7.359380   -1.493063 
    123         H               -3.761985    6.179052   -1.209525 
A87 
 
    124         H               -3.761985    6.179052    1.209525 
 
 
Calculated AM1 X,Y,Z-coordinates for 39 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -1.553228 -3.049911 -1.857717 
2 C -3.380612 0.534733 -1.857717 
3 C 1.209129 -3.202016 -1.857714 
4 C -0.536105 3.380394 -1.857717 
5 C 2.420664 -2.419682 -1.857717 
6 C 0.523697 -3.384884 -3.084716 
7 C 2.869277 -1.870291 -3.084721 
8 C -2.860304 1.879777 -1.857714 
9 C 3.41894 0.160473 -1.857714 
10 C 1.565906 3.04625 -3.084716 
11 C -1.221964 3.199616 -3.084721 
12 C -3.057385 -1.544052 -3.084716 
13 C -0.892097 -3.306796 -3.084721 
14 C -2.671657 -2.139428 -1.857714 
15 C 0.903892 3.301194 -1.857714 
16 C -2.413265 2.430608 -3.084716 
17 C -3.420624 -0.173421 -3.084721 
18 C 2.665408 2.150893 -3.084721 
19 C 3.049281 1.554465 -1.857717 
20 C 3.381047 -0.547922 -3.084716 
21 C -3.042066 -1.534525 -0.624574 
22 C 3.402819 0.1743 0.624671 
23 C -0.885693 -3.290025 -0.624574 
24 C -2.650487 -2.141139 0.624671 
25 C 0.885759 3.290135 0.624671 
26 C -1.217288 3.182284 -0.624574 
27 C -1.559062 -3.029651 0.624675 
28 C 0.51937 -3.367371 -0.624574 
29 C 2.855306 -1.859018 -0.624574 
30 C 3.042091 1.534646 0.624675 
31 C -3.363146 0.546542 0.624675 
32 C -2.39947 2.418982 -0.624574 
33 C 1.217299 -3.182412 0.624671 
34 C 3.363054 -0.546624 -0.624574 
35 C -3.402694 -0.17433 -0.624574 
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36 C 2.650369 2.141089 -0.624574 
37 C 2.399593 -2.418969 0.624675 
38 C 1.559112 3.029539 -0.624574 
39 C 1.304237 -3.274435 -4.292953 
40 C 2.447131 -2.536308 -4.292962 
41 C 3.517204 0.228547 -4.292953 
42 C 3.168378 1.543597 -4.292962 
43 C 0.869515 3.415684 -4.292953 
44 C -0.488966 3.490304 -4.292962 
45 C -2.979814 1.882462 -4.292953 
46 C -3.470575 0.613529 -4.292962 
47 C -2.711141 -2.252259 -4.292953 
48 C -1.655968 -3.111122 -4.292962 
49 C -2.85539 1.859115 0.624671 
50 C -0.519477 3.367432 0.624675 
51 C -3.419113 -0.160641 1.857741 
52 C -3.168644 -1.544144 4.292849 
53 C -3.049465 -1.554656 1.857735 
54 C -3.38118 0.54776 3.084712 
55 C -3.517395 -0.228975 4.292853 
56 C -2.665457 -2.151242 3.084707 
57 H -3.847883 0.280411 5.209445 
58 H -3.203316 -2.15038 5.20942 
59 C -0.903785 -3.30141 1.857741 
60 C 0.489404 -3.490726 4.292849 
61 C 0.53623 -3.380628 1.857735 
62 C -1.565792 -3.046426 3.084712 
63 C -0.869167 -3.415998 4.292853 
64 C 1.222281 -3.19977 3.084707 
65 H -1.455748 -3.572902 5.209445 
66 H 1.055254 -3.711039 5.20942 
67 C 2.860543 -1.879743 1.857741 
68 C 3.471112 -0.613243 4.292849 
69 C 2.413467 -2.430554 3.084712 
70 C 3.380873 -0.534687 1.857735 
71 C 3.420868 0.173675 3.084707 
72 C 2.98022 -1.882228 4.292853 
73 H 2.948181 -2.488587 5.209445 
74 H 3.855499 -0.143168 5.20942 
75 C 2.671698 2.139665 1.857741 
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76 C 1.655862 3.111721 4.292849 
77 C 3.057397 1.544261 3.084712 
78 C 1.553265 3.050174 1.857735 
79 C 0.891932 3.307107 3.084707 
80 C 2.711044 2.252717 4.292853 
81 H 3.277825 2.034871 5.209445 
82 H 1.327575 3.622556 5.20942 
83 C -1.209343 3.202129 1.857741 
84 C -2.447733 2.536393 4.292849 
85 C -0.523892 3.38496 3.084712 
86 C -2.420902 2.419798 1.857735 
87 C -2.869624 1.87023 3.084707 
88 C -1.304703 3.274484 4.292853 
89 H -0.922374 3.746206 5.209445 
90 H -3.035012 2.38203 5.20942 
91 H 3.203281 2.149739 -5.209444 
92 H 1.456059 3.572869 -5.209435 
93 H -1.054655 3.710807 -5.209444 
94 H -2.948053 2.488871 -5.209435 
95 H 3.847947 -0.280717 -5.209435 
96 H -3.855093 0.143666 -5.209444 
97 H 3.034391 -2.382195 -5.209444 
98 H -3.278056 -2.034661 -5.209435 
99 H 0.922103 -3.746361 -5.209435 
100 H -1.327924 -3.622016 -5.209444 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 39 (39c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 1.887363 -1.535911 2.966761 
2 C 1.271918 2.400375 2.546276 
3 C 2.132262 -3.144672 0.729326 
4 C 1.178397 3.200034 -1.356111 
5 C 2.129702 -3.151761 -0.710817 
6 C 0.872628 -3.097976 1.401951 
7 C 0.866424 -3.107946 -1.378167 
8 C 1.152205 3.221051 1.392045 
9 C 1.877455 -1.555963 -2.954908 
10 C 0.138951 1.620647 -2.924969 
11 C -0.091265 3.246907 -0.687205 
12 C 0.340682 0.323786 3.399444 
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13 C 0.748492 -2.284045 2.536464 
14 C 1.680237 -0.185793 3.41831 
15 C 1.276736 2.374059 -2.502712 
16 C -0.103046 3.25173 0.713188 
17 C 0.13507 1.636673 2.962173 
18 C 0.333361 0.309701 -3.375985 
19 C 1.672541 -0.205796 -3.404614 
20 C 0.738205 -2.298472 -2.514859 
21 C 2.777415 0.700644 3.442076 
22 C 4.277118 -1.193004 -3.08548 
23 C 3.184844 -1.92052 2.557016 
24 C 4.088876 0.119024 3.510442 
25 C 3.610605 2.907329 -2.698706 
26 C 2.366323 3.629972 -0.687082 
27 C 4.287622 -1.161337 3.079149 
28 C 3.310484 -2.750721 1.402544 
29 C 3.305159 -2.767602 -1.392423 
30 C 4.077114 0.088962 -3.518145 
31 C 3.612934 2.954997 2.683827 
32 C 2.339832 3.650918 0.720777 
33 C 4.55011 -2.885631 0.685665 
34 C 3.176878 -1.945036 -2.55383 
35 C 2.570509 2.05084 3.010415 
36 C 2.770457 0.673033 -3.44301 
37 C 4.547275 -2.89406 -0.678497 
38 C 2.577155 2.028797 -2.987287 
39 H 5.292459 -1.607327 3.057237 
40 H 5.282077 -1.637882 -3.065818 
41 H 4.917381 0.714235 -3.853025 
42 H 5.484229 -2.929298 -1.252801 
43 H 4.532744 2.960167 3.28674 
44 H 4.534357 2.87677 -3.293114 
45 H 5.489105 -2.915308 1.256579 
46 H 4.926239 0.746335 3.848018 
47 C 3.506639 3.762613 1.559369 
48 H 4.212631 4.590951 1.385849 
49 C 3.602756 3.749189 -1.500917 
50 H 3.832052 4.836648 -1.69121 
51 C 5.09995 2.733897 0.322539 
52 H 5.419536 2.191777 1.178173 
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53 C 4.964146 3.279521 -0.808714 
54 H 5.764627 3.481154 -1.54392 
55 C -0.585087 -1.919598 -2.947035 
56 C -0.788477 -0.589085 -3.384339 
57 C -0.326806 -3.523598 0.72241 
58 C -0.330153 -3.526349 -0.690728 
59 C -0.781279 -0.579739 3.411119 
60 C -0.574443 -1.908063 2.973362 
61 C -1.305277 2.859152 1.403112 
62 C -1.184239 2.034391 2.545605 
63 C -1.179416 2.025484 -2.514503 
64 C -1.295655 2.856028 -1.375743 
65 C -2.310767 1.282905 -2.937959 
66 C -4.533351 -0.360944 -3.471767 
67 C -3.613959 1.670645 -2.517305 
68 C -2.109123 -0.072037 -3.383351 
69 C -3.221496 -0.960585 -3.369864 
70 C -4.723804 0.918692 -3.058773 
71 H -5.716761 1.390433 -3.07262 
72 H -5.363605 -0.98165 -3.837875 
73 C -1.709338 -2.673924 -2.532929 
74 C -3.978881 -3.951004 -1.460508 
75 C -3.017945 -2.28511 -2.938097 
76 C -1.577026 -3.510715 -1.365029 
77 C -2.75996 -3.908608 -0.682659 
78 C -4.104376 -3.160151 -2.55678 
79 H -5.034039 -3.12339 -3.142509 
80 H -4.800096 -4.591683 -1.109132 
81 C -1.570233 -3.50828 1.402056 
82 C -4.092164 -3.16293 2.606977 
83 C -2.755962 -3.909123 0.726135 
84 C -1.698633 -2.669094 2.56873 
85 C -3.005825 -2.283445 2.979556 
86 C -3.970501 -3.953875 1.510484 
87 H -4.792198 -4.596747 1.16382 
88 H -5.017666 -3.128862 3.199204 
89 C -2.103254 -0.066344 3.415542 
90 C -4.723415 0.912603 3.084508 
91 C -3.2126 -0.958041 3.408213 
92 C -2.31243 1.287393 2.967658 
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93 C -3.616123 1.667018 2.540672 
94 C -4.527019 -0.36321 3.506148 
95 H -5.354836 -0.985589 3.875158 
96 H -5.718599 1.3797 3.093664 
97 C -2.552826 2.902383 0.731863 
98 C -4.979995 2.662554 -0.669021 
99 C -3.738351 2.491707 1.405634 
100 C -2.547694 2.90439 -0.708501 
101 C -3.73346 2.497136 -1.383559 
102 C -4.982891 2.657802 0.688777 
103 H -5.91484 2.724548 1.268 
104 H -5.909697 2.734091 -1.25137 
 
Calculated AM1 X,Y,Z-coordinates for 40 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -0.954656 3.277825 -1.223766 
2 C 2.822391 1.920836 -1.223766 
3 C -3.075757 1.481503 -1.223779 
4 C 2.69899 -2.090683 -1.223766 
5 C -3.412402 0.104971 -1.223766 
6 C -2.696587 2.080641 -2.478046 
7 C -3.352591 -0.6013 -2.478037 
8 C 3.359145 0.609324 -1.223779 
9 C -2.359454 -2.467409 -1.223779 
10 C 0.958614 -3.268288 -2.478046 
11 C 3.065738 -1.484142 -2.478037 
12 C 1.145516 3.20756 -2.478046 
13 C -1.607878 3.002692 -2.478037 
14 C 0.458532 3.383028 -1.223779 
15 C 1.617534 -3.006445 -1.223779 
16 C 3.404555 -0.09826 -2.478046 
17 C 2.358868 2.457065 -2.478037 
18 C -0.464137 -3.374315 -2.478037 
19 C -1.154324 -3.212949 -1.223766 
20 C -2.812098 -1.921653 -2.478046 
21 C 1.156594 3.244443 -0.000035 
22 C -2.359175 -2.467422 1.223706 
23 C -1.624622 3.037254 -0.000031 
24 C 0.458299 3.382875 1.223706 
25 C 1.617632 -3.006184 1.223706 
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26 C 3.0996 -1.502262 -0.000031 
27 C -0.954756 3.277565 1.223705 
28 C -2.728241 2.102575 -0.000035 
29 C -3.390636 -0.606544 -0.000031 
30 C -1.154091 -3.212797 1.223705 
31 C 2.822114 1.92085 1.223705 
32 C 3.443056 -0.097399 -0.000035 
33 C -3.075683 1.481234 1.223706 
34 C -2.84274 -1.94498 -0.000035 
35 C 2.386565 2.483671 -0.000031 
36 C -0.470907 -3.412119 -0.000031 
37 C -3.412185 0.104796 1.223705 
38 C 0.971331 -3.304639 -0.000035 
39 C -3.106741 1.505344 -3.70081 
40 C -2.760263 2.192924 -4.89426 
41 C -3.451079 0.098648 -3.700793 
42 C -3.461429 -0.670711 -4.894209 
43 C -2.391703 -2.489509 -3.70081 
44 C -1.160262 -3.251688 -3.700793 
45 C -2.938563 -1.947516 -4.89426 
46 C -0.431756 -3.499275 -4.894209 
47 C 1.628587 -3.043945 -3.70081 
48 C 2.733998 -2.108301 -3.700793 
49 C 0.944131 -3.396555 -4.89426 
50 C 3.194589 -1.49196 -4.894209 
51 C 3.398225 0.608248 -3.70081 
52 C 3.522068 -0.151671 -4.89426 
53 C 2.849966 1.948686 -3.700793 
54 C 2.40612 2.577193 -4.894209 
55 C 0.471631 3.419863 -3.70081 
56 C 1.232627 3.302817 -4.89426 
57 C -0.972623 3.312655 -3.700793 
58 C -1.707525 3.084753 -4.894209 
59 C 3.358927 0.609498 1.223706 
60 C 2.698918 -2.090414 1.223705 
61 C 2.358428 2.457116 2.478022 
62 C 1.231835 3.303521 4.894154 
63 C 1.145053 3.207572 2.478019 
64 C 2.8495 1.948987 3.70086 
65 C 2.405241 2.577792 4.894176 
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66 C 0.470958 3.420036 3.700848 
67 H 2.950128 2.400682 5.832981 
68 H 0.830002 3.711976 5.832923 
69 C -1.608062 3.002289 2.478022 
70 C -2.761177 2.192389 4.894154 
71 C -2.696742 2.080205 2.478019 
72 C -0.973053 3.312306 3.70086 
73 C -1.708366 3.084102 4.894176 
74 C -3.107114 1.504757 3.700848 
75 H -1.371544 3.54759 5.832981 
76 H -3.273814 1.936443 5.832923 
77 C -3.352265 -0.6016 2.478022 
78 C -2.938336 -1.94855 4.894154 
79 C -3.45088 0.098131 3.70086 
80 C -2.811731 -1.921935 2.478019 
81 C -2.39126 -2.490045 3.700848 
82 C -3.461069 -0.671712 4.894176 
83 H -3.797789 -0.20815 5.832981 
84 H -2.853331 -2.515189 5.832923 
85 C -0.463751 -3.374098 2.478022 
86 C 0.945186 -3.396659 4.894154 
87 C -1.159708 -3.251658 3.70086 
88 C 0.958996 -3.268026 2.478019 
89 C 1.629234 -3.04369 3.700848 
90 C -0.430693 -3.499243 4.894176 
91 H -0.975619 -3.676234 5.832981 
92 H 1.510359 -3.490915 5.832923 
93 C 3.065651 -1.483707 2.478022 
94 C 3.522493 -0.1507 4.894154 
95 C 2.734141 -2.107766 3.70086 
96 C 3.404424 -0.097816 2.478019 
97 C 3.398182 0.608941 3.700848 
98 C 3.194886 -1.490939 4.894176 
99 H 3.194824 -2.063887 5.832981 
100 H 3.786784 0.357685 5.832923 
101 H 1.509336 -3.490819 -5.832875 
102 H 3.194636 -2.065166 -5.832753 
103 H -0.976893 -3.67645 -5.832753 
104 H 3.786377 0.356741 -5.832875 
105 H -2.853556 -2.514186 -5.832875 
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106 H 2.951286 2.400108 -5.832753 
107 H -3.798389 -0.207005 -5.832753 
108 H 0.830773 3.711298 -5.832875 
109 H -3.272931 1.936967 -5.832875 
110 H -1.37064 3.548514 -5.832753 
 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 40 (40c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 2.961622 -1.875767 -2.162935 
2 C 2.520679 2.058076 -2.347516 
3 C 0.711868 -3.476293 -2.090739 
4 C -1.371381 2.853342 -2.407809 
5 C -0.711868 -3.476293 -2.090739 
6 C 1.390698 -3.216949 -0.845754 
7 C -1.390698 -3.216949 -0.845754 
8 C 1.371381 2.853342 -2.407809 
9 C -2.961622 -1.875767 -2.162935 
10 C -2.976841 1.582441 -1.075166 
11 C -0.713762 3.190352 -1.17552 
12 C 3.43629 0.233206 -1.003481 
13 C 2.548021 -2.393268 -0.883321 
14 C 3.42224 -0.532918 -2.227782 
15 C -2.520679 2.058076 -2.347516 
16 C 0.713762 3.190352 -1.17552 
17 C 2.976841 1.582441 -1.075166 
18 C -3.43629 0.233206 -1.003481 
19 C -3.42224 -0.532918 -2.227782 
20 C -2.548021 -2.393268 -0.883321 
21 C 3.500162 0.110641 -3.485465 
22 C -3.103912 -2.021102 -4.571198 
23 C 2.585428 -2.532977 -3.361313 
24 C 3.556067 -0.710937 -4.632488 
25 C -2.731257 2.144151 -4.737442 
26 C -0.70495 3.046704 -3.675701 
27 C 3.103912 -2.021102 -4.571198 
28 C 1.40073 -3.370185 -3.321549 
29 C -1.40073 -3.370185 -3.321549 
30 C -3.556067 -0.710937 -4.632488 
31 C 2.731257 2.144151 -4.737442 
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32 C 0.70495 3.046704 -3.675701 
33 C 0.691873 -3.721443 -4.495404 
34 C -2.585428 -2.532977 -3.361313 
35 C 3.049091 1.493145 -3.563988 
36 C -3.500162 0.110641 -3.485465 
37 C -0.691873 -3.721443 -4.495404 
38 C -3.049091 1.493145 -3.563988 
39 H 3.044784 -2.625538 -5.488283 
40 H -3.044784 -2.625538 -5.488283 
41 H -3.849703 -0.274068 -5.598231 
42 H 3.31174 1.960323 -5.654216 
43 H -3.31174 1.960323 -5.654216 
44 H 3.849703 -0.274068 -5.598231 
45 C 1.509396 2.8963 -4.850812 
46 H 1.389502 3.626594 -5.671182 
47 C -1.509396 2.8963 -4.850812 
48 H -1.389502 3.626594 -5.671182 
49 C 0.622663 1.517804 -6.055373 
50 C -0.622663 1.517804 -6.055373 
51 C -2.991755 -1.782684 0.310435 
52 C -3.39524 -0.283324 2.724264 
53 C -2.538863 -2.275458 1.562581 
54 C -3.448752 -0.412478 0.242935 
55 C -3.399625 0.363659 1.440463 
56 C -2.954053 -1.643073 2.788966 
57 C 0.722893 -3.403712 0.383469 
58 C -0.714628 -3.258033 2.860586 
59 C -0.722893 -3.403712 0.383469 
60 C 1.39081 -3.098539 1.599495 
61 C 0.714628 -3.258033 2.860586 
62 C -1.39081 -3.098539 1.599495 
63 C 3.448752 -0.412478 0.242935 
64 C 2.954053 -1.643073 2.788966 
65 C 2.991755 -1.782684 0.310435 
66 C 3.399625 0.363659 1.440463 
67 C 3.39524 -0.283324 2.724264 
68 C 2.538863 -2.275458 1.562581 
69 C 1.394313 3.065667 0.052839 
70 C 2.539361 2.340543 2.587603 
71 C 2.562491 2.22874 0.1069 
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72 C 0.70325 3.326284 1.277457 
73 C 1.381127 3.182117 2.537517 
74 C 2.958216 1.698691 1.371159 
75 C -2.562491 2.22874 0.1069 
76 C -1.381127 3.182117 2.537517 
77 C -2.958216 1.698691 1.371159 
78 C -1.394313 3.065667 0.052839 
79 C -0.70325 3.326284 1.277457 
80 C -2.539361 2.340543 2.587603 
81 C -2.9778 1.853935 3.836047 
82 C -3.42203 0.483569 3.908751 
83 C -2.581534 2.583126 4.997889 
84 C -3.485657 -0.225536 5.144236 
85 C -2.56652 -2.175259 4.034692 
86 C -1.397587 -3.024191 4.073018 
87 C -3.065689 -1.532841 5.205852 
88 C -0.688149 -3.273418 5.281962 
89 C 1.397587 -3.024191 4.073018 
90 C 0.688149 -3.273418 5.281962 
91 C 2.56652 -2.175259 4.034692 
92 C 3.065689 -1.532841 5.205852 
93 C 3.42203 0.483569 3.908751 
94 C 3.485657 -0.225536 5.144236 
95 C 2.9778 1.853935 3.836047 
96 C 2.581534 2.583126 4.997889 
97 C 0.720351 3.498945 3.742899 
98 C 1.47394 3.392606 4.951419 
99 C -0.720351 3.498945 3.742899 
100 C -1.47394 3.392606 4.951419 
101 H 1.248265 -3.374266 6.222953 
102 H -1.248265 -3.374266 6.222953 
103 H 3.026854 -2.065466 6.167168 
104 H -3.026854 -2.065466 6.167168 
105 H 3.789477 0.310568 6.055052 
106 H -3.789477 0.310568 6.055052 
107 H 3.123145 2.422127 5.94124 
108 H -3.123145 2.422127 5.94124 
109 H 1.10624 3.897108 5.856691 
110 H -1.10624 3.897108 5.856691 
111 H 1.532301 1.112865 -6.452955 
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112 H -1.532301 1.112865 -6.452955 
113 H 1.243965 -3.893905 -5.430916 
114 H -1.243965 -3.893905 -5.430916 
 
Calculated AM1 X,Y,Z-coordinates for 41 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -2.871487 -1.889422 -0.607647 
2 C -2.684286 2.147083 -0.607647 
3 C -0.523757 -3.397109 -0.607669 
4 C 1.212507 3.216393 -0.607647 
5 C 0.909609 -3.31481 -0.607647 
6 C -1.209181 -3.18284 -1.848485 
7 C 1.566228 -3.023173 -1.848541 
8 C -1.573042 3.056176 -0.607669 
9 C 3.068993 -1.547887 -0.607669 
10 C 2.849074 1.864233 -1.848485 
11 C 0.509871 3.366405 -1.848541 
12 C -3.400718 0.166448 -1.848485 
13 C -2.391218 -2.423784 -1.848541 
14 C -3.392693 -0.551642 -0.607669 
15 C 2.420499 2.440463 -0.607669 
16 C -0.892579 3.28571 -1.848485 
17 C -3.044082 1.525193 -1.848541 
18 C 3.3592 0.55536 -1.848541 
19 C 3.433656 -0.159243 -0.607647 
20 C 2.653403 -2.133551 -1.848485 
21 C -3.433656 0.159243 0.607647 
22 C 3.044082 -1.525193 1.848541 
23 C -2.420499 -2.440463 0.607669 
24 C -3.3592 -0.55536 1.848541 
25 C 2.391218 2.423784 1.848541 
26 C 0.523757 3.397109 0.607669 
27 C -2.849074 -1.864233 1.848485 
28 C -1.212507 -3.216393 0.607647 
29 C 1.573042 -3.056176 0.607669 
30 C 3.400718 -0.166448 1.848485 
31 C -2.653403 2.133551 1.848485 
32 C -0.909609 3.31481 0.607647 
33 C -0.509871 -3.366405 1.848541 
34 C 2.684286 -2.147083 0.607647 
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35 C -3.068993 1.547887 0.607669 
36 C 3.392693 0.551642 0.607669 
37 C 0.892579 -3.28571 1.848485 
38 C 2.871487 1.889422 0.607647 
39 C -0.524836 -3.374261 -3.095192 
40 C 0.881864 -3.409594 -5.519059 
41 C -1.214153 -3.220662 -4.315801 
42 C 0.90823 -3.291659 -3.095283 
43 C 1.57523 -3.059276 -4.316027 
44 C -0.485059 -3.489812 -5.518757 
45 H -1.04247 -3.682445 -6.446971 
46 H 1.457161 -3.534678 -6.447898 
47 C 3.046929 -1.541853 -3.095192 
48 C 3.515227 -0.21492 -5.519059 
49 C 3.411213 -0.1534 -3.095283 
50 C 2.687838 -2.149968 -4.315801 
51 C 3.169117 -1.53973 -5.518757 
52 C 3.396317 0.552764 -4.316027 
53 H 3.811966 0.293567 -6.447898 
54 C 2.407942 2.421343 -3.095192 
55 C 1.290666 3.276766 -5.519059 
56 C 1.200015 3.196853 -3.095283 
57 C 2.875329 1.891909 -4.315801 
58 C 2.443682 2.538207 -5.518757 
59 C 0.52381 3.400903 -4.316027 
60 H 0.898764 3.716112 -6.447898 
61 C -1.558739 3.038325 -3.095192 
62 C -2.717552 2.240073 -5.519059 
63 C -0.910787 3.319232 -4.315801 
64 C -2.669562 2.129164 -3.095283 
65 C -3.072585 1.549109 -4.316027 
66 C -1.658839 3.108428 -5.518757 
67 H -1.321111 3.591909 -6.446971 
68 H -3.2565 2.003117 -6.447898 
69 C -3.371296 -0.543555 -3.095192 
70 C -2.970206 -1.892325 -5.519059 
71 C -3.438226 0.159489 -4.315801 
72 C -2.849895 -1.880957 -3.095283 
73 C -2.422772 -2.443501 -4.316027 
74 C -3.4689 -0.617092 -5.518757 
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75 H -3.824354 -0.14649 -6.446971 
76 H -2.911391 -2.478118 -6.447898 
77 C -1.566228 3.023173 1.848541 
78 C 1.209181 3.18284 1.848485 
79 C -3.046929 1.541853 3.095192 
80 C -3.515227 0.21492 5.519059 
81 C -3.411213 0.1534 3.095283 
82 C -2.687838 2.149968 4.315801 
83 C -3.169117 1.53973 5.518757 
84 C -3.396317 -0.552764 4.316027 
85 H -3.180072 2.129386 6.446971 
86 H -3.811966 -0.293567 6.447898 
87 C -2.407942 -2.421343 3.095192 
88 C -1.290666 -3.276766 5.519059 
89 C -1.200015 -3.196853 3.095283 
90 C -2.875329 -1.891909 4.315801 
91 C -2.443682 -2.538207 5.518757 
92 C -0.52381 -3.400903 4.316027 
93 H -3.007862 -2.366412 6.446971 
94 H -0.898764 -3.716112 6.447898 
95 C 1.558739 -3.038325 3.095192 
96 C 2.717552 -2.240073 5.519059 
97 C 0.910787 -3.319232 4.315801 
98 C 2.669562 -2.129164 3.095283 
99 C 3.072585 -1.549109 4.316027 
100 C 1.658839 -3.108428 5.518757 
101 H 1.321111 -3.591909 6.446971 
102 H 3.2565 -2.003117 6.447898 
103 C 3.371296 0.543555 3.095192 
104 C 2.970206 1.892325 5.519059 
105 C 3.438226 -0.159489 4.315801 
106 C 2.849895 1.880957 3.095283 
107 C 2.422772 2.443501 4.316027 
108 C 3.4689 0.617092 5.518757 
109 H 3.824354 0.14649 6.446971 
110 H 2.911391 2.478118 6.447898 
111 C 0.524836 3.374261 3.095192 
112 C -0.881864 3.409594 5.519059 
113 C 1.214153 3.220662 4.315801 
114 C -0.90823 3.291659 3.095283 
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115 C -1.57523 3.059276 4.316027 
116 C 0.485059 3.489812 5.518757 
117 H 1.04247 3.682445 6.446971 
118 H -1.457161 3.534678 6.447898 
119 H 3.007862 2.366412 -6.446971 
120 H 3.180072 -2.129386 -6.446971 
 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 41 (41c) TS 
       
                                              Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 2.96284 -1.886406 -2.802152 
2 C 2.544418 2.079712 -2.949027 
3 C 0.723717 -3.504956 -2.738133 
4 C -1.354144 2.867311 -3.010497 
5 C -0.708881 -3.511169 -2.736159 
6 C 1.399116 -3.230644 -1.498743 
7 C -1.381874 -3.240332 -1.494257 
8 C 1.390798 2.894793 -2.989431 
9 C -2.95429 -1.904173 -2.794698 
10 C -2.937779 1.541465 -1.68201 
11 C -0.69071 3.169835 -1.765032 
12 C 3.413045 0.225015 -1.628345 
13 C 2.538617 -2.408825 -1.53116 
14 C 3.4174 -0.530794 -2.855562 
15 C -2.500575 2.050522 -2.949712 
16 C 0.715857 3.178868 -1.754765 
17 C 2.971951 1.558615 -1.679247 
18 C -3.393131 0.211329 -1.623651 
19 C -3.406488 -0.548872 -2.849438 
20 C -2.524473 -2.422871 -1.524248 
21 C 3.464342 0.128144 -4.100708 
22 C -3.088058 -2.013777 -5.210828 
23 C 2.571063 -2.521561 -4.000328 
24 C 3.51998 -0.686426 -5.270363 
25 C -2.711367 2.146688 -5.336449 
26 C -0.692045 3.075876 -4.25939 
27 C 3.083094 -1.988252 -5.220619 
28 C 1.403217 -3.365499 -3.965793 
29 C -1.393508 -3.378817 -3.96132 
30 C -3.528037 -0.711081 -5.259724 
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31 C 2.691778 2.174591 -5.348628 
32 C 0.725458 3.102022 -4.238134 
33 C 0.690796 -3.720312 -5.151927 
34 C -2.567779 -2.542151 -3.993811 
35 C 3.030362 1.504813 -4.157113 
36 C -3.46418 0.105058 -4.094208 
37 C -0.681569 -3.726939 -5.149677 
38 C -3.006879 1.481388 -4.160033 
39 H 3.042703 -2.603236 -6.131466 
40 H -3.048139 -2.627102 -6.122582 
41 H -3.841646 -0.259574 -6.212241 
42 H 3.270463 1.988635 -6.265416 
43 H -3.309039 1.954981 -6.239321 
44 H 3.834917 -0.23298 -6.221424 
45 C 1.54817 2.973138 -5.400169 
46 H 1.32461 3.576293 -6.29363 
47 C -1.49081 2.933682 -5.486777 
48 H -1.598836 3.915708 -6.021309 
49 C 0.303043 1.468831 -6.662891 
50 C -0.792092 2.076817 -6.722379 
51 C -2.976458 -1.819307 -0.308248 
52 C -3.373677 -0.355162 2.095404 
53 C -2.545544 -2.338671 0.927511 
54 C -3.42495 -0.451453 -0.363961 
55 C -3.40584 0.313007 0.82374 
56 C -2.940604 -1.689528 2.148346 
57 C 0.730496 -3.440422 -0.251264 
58 C -0.688259 -3.318033 2.20728 
59 C -0.708341 -3.444258 -0.249249 
60 C 1.407406 -3.170178 0.95459 
61 C 0.715876 -3.316862 2.205372 
62 C -1.383284 -3.174643 0.958327 
63 C 3.44425 -0.441699 -0.367461 
64 C 2.965485 -1.684683 2.142727 
65 C 2.99341 -1.80782 -0.314528 
66 C 3.429865 0.31982 0.821298 
67 C 3.39823 -0.350106 2.092083 
68 C 2.567954 -2.331378 0.921817 
69 C 1.407106 3.049402 -0.512554 
70 C 2.535578 2.291828 1.985863 
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71 C 2.573007 2.208129 -0.472488 
72 C 0.723313 3.311664 0.694803 
73 C 1.399409 3.116343 1.948705 
74 C 2.985604 1.676616 0.767657 
75 C -2.544085 2.195094 -0.476883 
76 C -1.380317 3.115245 1.944347 
77 C -2.95937 1.667563 0.76525 
78 C -1.381732 3.040117 -0.521234 
79 C -0.703647 3.309628 0.690134 
80 C -2.514624 2.288198 1.982805 
81 C -2.941721 1.773664 3.249119 
82 C -3.476277 0.57634 5.729259 
83 C -3.383296 0.406833 3.308117 
84 C -2.543818 2.409225 4.444747 
85 C -3.058757 1.876744 5.673719 
86 C -3.399137 -0.248461 4.557679 
87 H -3.040701 2.508267 6.573683 
88 H -3.806194 0.123651 6.675433 
89 C -2.529898 -2.220311 3.413215 
90 C -1.458679 -3.040926 5.871285 
91 C -1.366986 -3.064862 3.444156 
92 C -2.95701 -1.610321 4.612131 
93 C -2.562407 -2.234831 5.841927 
94 C -0.700516 -3.255614 4.67228 
95 H -3.117268 -1.994814 6.760405 
96 H -1.093866 -3.473502 6.814024 
97 C 1.396898 -3.064116 3.440848 
98 C 2.598481 -2.238475 5.836867 
99 C 0.733225 -3.256393 4.670475 
100 C 2.558961 -2.218756 3.408243 
101 C 2.988588 -1.611054 4.607174 
102 C 1.494597 -3.044384 5.867743 
103 H 1.132209 -3.478615 6.810697 
104 H 3.156335 -2.00058 6.754041 
105 C 3.407478 0.409783 3.306752 
106 C 3.075216 1.873636 5.675904 
107 C 3.426767 -0.247479 4.554876 
108 C 2.961758 1.775306 3.251524 
109 C 2.559895 2.407284 4.447779 
110 C 3.499049 0.574995 5.728262 
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111 H 3.829619 0.12149 6.673872 
112 H 3.052629 2.502275 6.577786 
113 C 0.72718 3.401316 3.180388 
114 C -0.67644 3.622304 5.597627 
115 C 1.403653 3.251853 4.410225 
116 C -0.710373 3.402227 3.177669 
117 C -1.388306 3.254287 4.406997 
118 C 0.690212 3.620311 5.599531 
119 H 1.259787 3.826656 6.517129 
120 H -1.247869 3.830571 6.513647 
121 H -1.523866 2.148348 -7.53905 
122 H 1.161324 0.844574 -6.691709 
123 H 1.25398 -3.906713 -6.077796 
124 H -1.246138 -3.91756 -6.073947 
 
Appendix A.2.4: Details and XYZ Coordinates of Calculations for the Structures in Figure 3.11 
 
All calculations were performed using density functional theory at the B3LYP/6-31G* level or AM1 as indicated, employing the 
programs in Spartan or Gaussian. Complete vibrational analyses were performed to confirm that all starting materials have no 
imaginary frequencies and that all transition states (TS) have one imaginary frequency. For energies, please see the tables at the 
beginning of section 3.4. 
Calculated B3LYP/6-31G*  X,Y,Z-coordinates for 32 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 C 2.12422 -0.744491 2.291086 
2 C 2.885747 -1.236221 0 
3 C 0.095913 -0.352599 3.42177 
4 C 2.88547 -0.381993 -1.175579 
5 C 2.12445 -2.409216 0 
6 C 2.885467 1.00009 -0.726593 
7 C 2.12422 -0.744491 -2.291086 
8 C 0.096187 -3.363756 0.722245 
9 C 0.095912 2.296904 2.56152 
10 C 2.885467 1.00009 0.726593 
11 C 2.124001 1.948927 -1.416043 
12 C 0.095982 -1.726393 -2.975758 
13 C 2.88547 -0.381993 1.175579 
14 C 2.124001 1.948927 1.416043 
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15 C 0.096074 3.146094 1.392923 
16 C 1.339198 1.561422 2.566811 
17 C 1.339644 2.924238 0.691986 
18 C 0.096187 -3.363756 -0.722245 
19 C 0.096074 3.146094 -1.392923 
20 C 1.33953 0.245358 -2.994778 
21 C 1.339497 -1.958781 -2.278424 
22 C 1.339497 -1.958781 2.278424 
23 C 1.33953 0.245358 2.994778 
24 C 0.095982 -1.726393 2.975758 
25 C 0.095913 -0.352599 -3.42177 
26 C 1.33968 -2.772313 -1.158931 
27 C 1.33968 -2.772313 1.158931 
28 C 1.339198 1.561422 -2.566811 
29 C 0.095912 2.296904 -2.56152 
30 C 1.339644 2.924238 -0.691986 
31 C -1.102854 -2.371914 2.633536 
32 C -2.295922 3.262423 -1.518388 
33 C -2.29601 -1.747081 -3.145997 
34 C -1.102983 0.370714 3.52407 
35 C -2.29601 -1.747081 3.145997 
36 C -2.296008 -0.436189 -3.571428 
37 C -1.102854 -2.371914 -2.633536 
38 C -2.296008 -0.436189 3.571428 
39 C -1.103098 1.771581 3.069048 
40 C -1.102829 3.4666 0.736469 
41 C -2.296142 2.452283 -2.6333 
42 C -2.295983 -3.531115 0.68907 
43 C -1.102774 -3.237535 -1.44169 
44 C -2.296142 2.452283 2.6333 
45 C -1.102829 3.4666 -0.736469 
46 C -2.295983 -3.531115 -0.68907 
47 C -1.102774 -3.237535 1.44169 
48 C -1.103098 1.771581 -3.069048 
49 C -2.295922 3.262423 1.518388 
50 C -1.102983 0.370714 -3.52407 
51 H -3.248689 0.025808 3.814896 
52 H -3.248518 3.637152 -1.154588 
53 H -3.248973 2.221878 -3.101536 
54 H -3.248518 3.637152 1.154588 
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55 H -3.248693 -3.619532 1.203654 
56 H -3.248693 -3.619532 -1.203654 
57 H -3.248689 0.025808 -3.814896 
58 H -3.248738 -2.263833 -3.071871 
59 H -3.248973 2.221878 3.101536 
60 H -3.248738 -2.263833 3.071871 
 
Calculated B3LYP/6-31G* X,Y,Z-coordinates for the concave addition of acetylene + 32 (32c) TS 
Coordinates (Angstroms) 
Atom X Y  Z 
1 C 0.0000019 -0.000000936 0.00000266 
2 C -0.000001401 -0.000000325 0.000003825 
3 C 0.000002152 -0.000000356 -4.59E-07 
4 C -0.000001401 0.000000325 0.000003825 
5 C 0.000000571 0.00000106 0.000003235 
6 C 0.000001899 -0.000000236 0.000003528 
7 C 0.000000571 -0.00000106 0.000003235 
8 C -0.000001568 -0.000000016 0.000001662 
9 C 0.000003506 0.000000314 0.000000025 
10 C 0.000003311 0 0.000002462 
11 C 0.0000019 0.000000936 0.00000266 
12 C -0.000003063 0.000000492 0.000001921 
13 C 0.000001899 0.000000236 0.000003528 
14 C 0.000002639 0 0.000001969 
15 C 0.000003506 -0.000000314 0.000000025 
16 C 0.00000349 0.000000054 0.000001275 
17 C 0.00000349 -0.000000054 0.000001275 
18 C -0.000003063 -0.000000492 0.000001921 
19 C 0.000002152 0.000000356 -4.59E-07 
20 C -0.000001544 0.000000182 0.000003001 
21 C -0.000001798 0.000000335 0.000001923 
22 C 0.000000104 0.00000025 0.000002168 
23 C 0.000002501 0.00000077 0.000000907 
24 C 0.000001186 -0.00000041 0.000001463 
25 C -0.000001568 0.000000016 0.000001662 
26 C -0.000001798 -0.000000335 0.000001923 
27 C -0.000001544 -0.000000182 0.000003001 
28 C 0.000000104 -0.00000025 0.000002168 
29 C 0.000001186 0.00000041 0.000001463 
30 C 0.000002501 -0.00000077 0.000000907 
31 C -0.000000591 0.000000316 -1.489E-06 
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32 C 0.000001427 0.000000491 -2.221E-06 
33 C 0.000002627 0.000000852 -9.04E-07 
34 C 0.000000004 0.000000167 -0.000001 
35 C -0.000003129 -0.00000025 -7.96E-07 
36 C -0.000002962 -0.000000015 0.000000437 
37 C 0.000001427 -0.000000491 -2.221E-06 
38 C 0.000003493 -0.000000522 -0.00000107 
39 C 0.000003493 0.000000522 -0.00000107 
40 C 0.000000004 -0.000000167 -0.000001 
41 C -0.000003129 0.00000025 -7.96E-07 
42 C -0.000002962 0.000000015 0.000000437 
43 C 0.000003164 -0.000000084 -2.921E-06 
44 C 0.000002627 -0.000000852 -9.04E-07 
45 C -0.000001749 -0.000000338 -0.00000015 
46 C -0.000000591 -0.000000316 -1.489E-06 
47 C 0.000003164 0.000000084 -2.921E-06 
48 C -0.000001749 0.000000338 -0.00000015 
49 H 0.000001683 0.000000014 -0.00000341 
50 H 0.000001683 -0.000000014 -0.00000341 
51 H -0.000000441 0.00000006 -3.028E-06 
52 H 0.000003047 -0.000000143 -3.759E-06 
53 H -0.000002882 0.000000104 -0.00000141 
54 H -0.000002882 -0.000000104 -0.00000141 
55 H 0.000003047 0.000000143 -3.759E-06 
56 H -0.000000441 -0.00000006 -3.028E-06 
57 C -0.000004166 -0.000000588 -6.27E-07 
58 H -0.000004838 -0.000000045 -1.302E-06 
59 C -0.000004166 0.000000588 -6.27E-07 
60 H -0.000004838 0.000000045 -1.302E-06 
61 C -0.000002974 -0.000000051 -2.572E-06 
62 H -0.000002622 -0.000000037 -3.126E-06 
63 C -0.000002974 0.000000051 -2.572E-06 
64 H -0.000002622 0.000000037 -3.126E-06 
 
Calculated AM1 X,Y,Z-coordinates for 42 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 3.348695 1.148496 1.804767 
2 C 2.774897 0 2.482918 
3 C 1.457941 0 2.979455 
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4 C 0.728971 1.262614 2.979455 
5 C 1.387448 2.403131 2.482918 
6 C 2.668975 2.325807 1.804767 
7 C -0.728971 1.262614 2.979455 
8 C -1.387448 2.403131 2.482918 
9 C -0.67972 3.474303 1.804767 
10 C 0.67972 3.474303 1.804767 
11 C 1.541841 4.047855 -1.786966 
12 C 2.734625 3.359201 -1.786966 
13 C 3.238458 2.71127 -0.607457 
14 C 2.63844 3.123906 0.585644 
15 C 1.386162 3.846909 0.585644 
16 C 0.728799 4.160222 -0.607457 
17 C 4.276465 -0.688654 -1.786966 
18 C 3.967258 -1.448952 -0.607457 
19 C 4.024602 -0.723003 0.585644 
20 C 4.024602 0.723003 0.585644 
21 C 3.967258 1.448952 -0.607457 
22 C 4.276465 0.688654 -1.786966 
23 C -0.728799 4.160222 -0.607457 
24 C -1.386162 3.846909 0.585644 
25 C -2.63844 3.123906 0.585644 
26 C -3.238458 2.71127 -0.607457 
27 C -2.734625 3.359201 -1.786966 
28 C -1.541841 4.047855 -1.786966 
29 C -3.348695 -1.148496 1.804767 
30 C -2.774897 0 2.482918 
31 C -1.457941 0 2.979455 
32 C -0.728971 -1.262614 2.979455 
33 C -1.387448 -2.403131 2.482918 
34 C -2.668975 -2.325807 1.804767 
35 C 0.728971 -1.262614 2.979455 
36 C 1.387448 -2.403131 2.482918 
37 C 0.67972 -3.474303 1.804767 
38 C -0.67972 -3.474303 1.804767 
39 C -1.541841 -4.047855 -1.786966 
40 C -2.734625 -3.359201 -1.786966 
41 C -3.238458 -2.71127 -0.607457 
42 C -2.63844 -3.123906 0.585644 
43 C -1.386162 -3.846909 0.585644 
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44 C -0.728799 -4.160222 -0.607457 
45 C -4.276465 0.688654 -1.786966 
46 C -3.967258 1.448952 -0.607457 
47 C -4.024602 0.723003 0.585644 
48 C -4.024602 -0.723003 0.585644 
49 C -3.967258 -1.448952 -0.607457 
50 C -4.276465 -0.688654 -1.786966 
51 C 0.728799 -4.160222 -0.607457 
52 C 1.386162 -3.846909 0.585644 
53 C 2.63844 -3.123906 0.585644 
54 C 3.238458 -2.71127 -0.607457 
55 C 2.734625 -3.359201 -1.786966 
56 C 1.541841 -4.047855 -1.786966 
57 C -2.668975 2.325807 1.804767 
58 C -3.348695 1.148496 1.804767 
59 C 3.348695 -1.148496 1.804767 
60 C 2.668975 -2.325807 1.804767 
61 H -1.154244 4.469475 -2.727173 
62 H 3.293557 -3.234343 -2.727173 
63 H 4.447801 1.235133 -2.727173 
64 H -3.293557 -3.234343 -2.727173 
65 H 1.154244 -4.469475 -2.727173 
66 H -4.447801 1.235133 -2.727173 
67 H 4.447801 -1.235133 -2.727173 
68 H -1.154244 -4.469475 -2.727173 
69 H -4.447801 -1.235133 -2.727173 
70 H -3.293557 3.234343 -2.727173 
71 H 1.154244 4.469475 -2.727173 
72 H 3.293557 3.234343 -2.727173 
 




Atom X Y  Z 
1 C 1.136013 3.330936 -1.3453 
2 C 0 2.784475 -2.026354 
3 C 0 1.462081 -2.556791 
4 C 1.265922 0.730914 -2.55699 
5 C 2.411174 1.392185 -2.026612 
6 C 2.316252 2.649154 -1.345421 
7 C 1.265922 -0.730914 -2.55699 
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8 C 2.411174 -1.392185 -2.026612 
9 C 3.452272 -0.681497 -1.34531 
10 C 3.452272 0.681497 -1.34531 
11 C 4.079621 1.555115 2.218961 
12 C 3.387284 2.755955 2.218708 
13 C 2.741681 3.266955 1.040603 
14 C 3.131244 2.634533 -0.152263 
15 C 3.846789 1.394454 -0.151968 
16 C 4.198685 0.740502 1.04099 
17 C -0.69303 4.307741 2.219777 
18 C -1.458412 4.006558 1.041277 
19 C -0.715812 4.029042 -0.151645 
20 C 0.715812 4.029042 -0.151645 
21 C 1.458412 4.006558 1.041277 
22 C 0.69303 4.307741 2.219777 
23 C 4.198685 -0.740502 1.04099 
24 C 3.846789 -1.394454 -0.151968 
25 C 3.131244 -2.634533 -0.152263 
26 C 2.741681 -3.266955 1.040603 
27 C 3.387284 -2.755955 2.218708 
28 C 4.079621 -1.555115 2.218961 
29 C -1.136013 -3.330936 -1.3453 
30 C 0 -2.784475 -2.026354 
31 C 0 -1.462081 -2.556791 
32 C -1.265922 -0.730914 -2.55699 
33 C -2.411174 -1.392185 -2.026612 
34 C -2.316252 -2.649154 -1.345421 
35 C -1.265922 0.730914 -2.55699 
36 C -2.411174 1.392185 -2.026612 
37 C -3.452272 0.681497 -1.34531 
38 C -3.452272 -0.681497 -1.34531 
39 C -4.079621 -1.555115 2.218961 
40 C -3.387284 -2.755955 2.218708 
41 C -2.741681 -3.266955 1.040603 
42 C -3.131244 -2.634533 -0.152263 
43 C -3.846789 -1.394454 -0.151968 
44 C -4.198685 -0.740502 1.04099 
45 C 0.69303 -4.307741 2.219777 
46 C 1.458412 -4.006558 1.041277 
47 C 0.715812 -4.029042 -0.151645 
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48 C -0.715812 -4.029042 -0.151645 
49 C -1.458412 -4.006558 1.041277 
50 C -0.69303 -4.307741 2.219777 
51 C -4.198685 0.740502 1.04099 
52 C -3.846789 1.394454 -0.151968 
53 C -3.131244 2.634533 -0.152263 
54 C -2.741681 3.266955 1.040603 
55 C -3.387284 2.755955 2.218708 
56 C -4.079621 1.555115 2.218961 
57 C 2.316252 -2.649154 -1.345421 
58 C 1.136013 -3.330936 -1.3453 
59 C -1.136013 3.330936 -1.3453 
60 C -2.316252 2.649154 -1.345421 
61 H 4.430347 -1.171842 3.17336 
62 H -3.231222 3.251899 3.172926 
63 H 1.200402 4.418403 3.174309 
64 H -3.231222 -3.251899 3.172926 
65 H -4.430347 1.171842 3.17336 
66 H 1.200402 -4.418403 3.174309 
67 H -1.200402 4.418403 3.174309 
68 H -4.430347 -1.171842 3.17336 
69 H -1.200402 -4.418403 3.174309 
70 H 3.231222 -3.251899 3.172926 
71 H 4.430347 1.171842 3.17336 
72 H 3.231222 3.251899 3.172926 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 42 (42c) TS 
 
                                                    Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 3.534615 1.032759 1.894774 
2 C 2.97742 -0.127772 2.566218 
3 C 1.676935 -0.133924 3.103504 
4 C 0.954733 1.131794 3.153089 
5 C 1.603697 2.281107 2.662728 
6 C 2.862734 2.212957 1.943522 
7 C -0.501813 1.136144 3.193002 
8 C -1.168267 2.289096 2.737693 
9 C -0.473977 3.375118 2.070965 
10 C 0.882777 3.372222 2.033129 
11 C 1.655759 4.053228 -1.563272 
12 C 2.837129 3.344413 -1.6186 
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13 C 3.363283 2.655152 -0.4749 
14 C 2.801098 3.042043 0.746302 
15 C 1.55951 3.777954 0.802661 
16 C 0.877557 4.141204 -0.36028 
17 C 4.329361 -0.730149 -1.763524 
18 C 4.059546 -1.515661 -0.591068 
19 C 4.160354 -0.814414 0.614042 
20 C 4.167994 0.631082 0.64488 
21 C 4.076821 1.384599 -0.52866 
22 C 4.337909 0.647238 -1.733899 
23 C -0.583708 4.155143 -0.329429 
24 C -1.213666 3.773945 0.874576 
25 C -2.444023 3.055268 0.874768 
26 C -3.082215 2.667874 -0.328529 
27 C -1.431496 4.127644 -1.461133 
28 C -3.149946 -1.240453 2.016304 
29 C -2.558553 -0.108173 2.703075 
30 C -1.234505 -0.124149 3.180729 
31 C -0.514023 -1.389002 3.140382 
32 C -1.192011 -2.518149 2.639171 
33 C -2.488231 -2.425931 1.996582 
34 C 0.943009 -1.394015 3.099614 
35 C 1.582504 -2.526617 2.562407 
36 C 0.852189 -3.584985 1.888205 
37 C -0.506409 -3.582199 1.927408 
38 C -1.477281 -4.141627 -1.638847 
39 C -2.673085 -3.455015 -1.597291 
40 C -3.136408 -2.808464 -0.403798 
41 C -2.499377 -3.219346 0.767115 
42 C -1.250063 -3.942542 0.726617 
43 C -0.628154 -4.251597 -0.488401 
44 C -3.764457 1.407439 -0.37549 
45 C -3.805432 0.637324 0.807094 
46 C -3.832077 -0.781686 0.813014 
47 C -3.842078 -1.520854 -0.398243 
48 C -4.189117 -0.788197 -1.52469 
49 C 0.829214 -4.242149 -0.532811 
50 C 1.521704 -3.940642 0.642844 
51 C 2.771512 -3.214394 0.613895 
52 C 3.331731 -2.778778 -0.590676 
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53 C 2.792097 -3.409705 -1.76322 
54 C 1.604093 -4.106594 -1.735297 
55 C -2.45961 2.226277 2.073754 
56 C -3.132384 1.050432 2.042748 
57 C 3.524647 -1.26329 1.846087 
58 C 2.841797 -2.438528 1.845346 
59 H -1.096269 4.611632 -2.391809 
60 H 3.318671 -3.265959 -2.71924 
61 H 4.478856 1.212402 -2.668051 
62 H -3.259933 -3.326733 -2.519762 
63 H 1.188832 -4.515702 -2.669215 
64 H 4.462785 -1.256378 -2.721325 
65 H -1.119545 -4.557504 -2.593128 
66 H -4.418762 -1.31826 -2.461549 
67 H 1.250105 4.510144 -2.478918 
68 H 3.365409 3.238206 -2.578654 
69 C -2.640041 3.412752 -1.474581 
70 H -3.327421 3.531504 -2.329148 
71 C -4.088798 0.678232 -1.622176 
72 H -4.958754 1.151478 -2.159148 
73 C -2.953733 0.845278 -2.773871 
74 H -3.194998 0.09892 -3.548505 
75 C -1.994897 1.662969 -2.781767 
76 H -1.092863 2.196565 -2.955337 
 
Calculated B3LYP/6-31G* X,Y,Z-coordinates for the concave addition of acetylene + 42 (42c) TS 
Coordinates (Angstroms) 
Atom X Y  Z 
1 C -0.001015054 0.000627121 0.000246988 
2 C 0.000971385 0.00086518 -0.00162721 
3 C 0.000006392 -0.000554464 0.000011292 
4 C -0.000217961 -0.00074843 -9.1268E-05 
5 C 0.001995691 0.000906925 0.000102776 
6 C -0.000647425 0.000529256 0.000913199 
7 C -0.000026619 -0.000512347 -0.00011119 
8 C 0.000997277 0.000379286 0.001728992 
9 C -0.001401539 0.00095781 -0.00022128 
10 C -0.000519891 0.000429885 -0.00060139 
11 C 0.000780602 0.000316492 0.000533101 
12 C 0.000792144 0.000610899 -0.00059106 
13 C 0.000992724 -0.000179513 0.000267998 
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14 C -0.000463997 -0.000888827 0.000812494 
15 C -0.000599525 -0.000613978 -0.00103043 
16 C 0.001405411 0.000033293 -0.00029429 
17 C -0.000257335 0.000585 -0.00095148 
18 C 0.000712098 0.000058817 -0.00073087 
19 C 0.000553196 -0.001002401 0.000785497 
20 C -0.001070451 -0.000840087 -0.00014243 
21 C 0.000242253 0.000050428 -0.00104291 
22 C 0.001025685 0.000538738 -0.00032234 
23 C -0.000363673 0.000045953 0.000575653 
24 C -0.000442478 -0.000976385 0.000103657 
25 C -0.000089704 -0.000841054 -0.0004133 
26 C -0.000000628 -0.001550283 0.001220518 
27 C 0.00250487 -0.000666462 0.002350305 
28 C 0.001401539 0.00095781 -0.00022128 
29 C -0.000997277 0.000379286 0.001728992 
30 C 0.000026619 -0.000512347 -0.00011119 
31 C 0.000217961 -0.00074843 -9.1268E-05 
32 C -0.001995691 0.000906925 0.000102776 
33 C 0.000519891 0.000429885 -0.00060139 
34 C -0.000006392 -0.000554464 0.000011292 
35 C -0.000971385 0.00086518 -0.00162721 
36 C 0.001015054 0.000627121 0.000246988 
37 C 0.000647425 0.000529256 0.000913199 
38 C -0.000792144 0.000610899 -0.00059106 
39 C -0.000780602 0.000316492 0.000533101 
40 C -0.001405411 0.000033293 -0.00029429 
41 C 0.000599525 -0.000613978 -0.00103043 
42 C 0.000463997 -0.000888827 0.000812494 
43 C -0.000992724 -0.000179513 0.000267998 
44 C 0.000000628 -0.001550283 0.001220518 
45 C 0.000089704 -0.000841054 -0.0004133 
46 C 0.000442478 -0.000976385 0.000103657 
47 C 0.000363673 0.000045953 0.000575653 
48 C -0.00250487 -0.000666462 0.002350305 
49 C -0.000242253 0.000050428 -0.00104291 
50 C 0.001070451 -0.000840087 -0.00014243 
51 C -0.000553196 -0.001002401 0.000785497 
52 C -0.000712098 0.000058817 -0.00073087 
53 C 0.000257335 0.000585 -0.00095148 
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54 C -0.001025685 0.000538738 -0.00032234 
55 C 0.000494824 0.000881758 -0.00109611 
56 C -0.000494824 0.000881758 -0.00109611 
57 C 0.000251448 0.000572058 0.001035772 
58 C -0.000251448 0.000572058 0.001035772 
59 H -0.00092789 -0.000183143 -0.00090977 
60 H -0.000215722 -0.000361298 0.000864335 
61 H -0.000887982 -0.000288817 0.000277567 
62 H 0.00071031 -0.00017485 -0.00060063 
63 H 0.000887982 -0.000288817 0.000277567 
64 H 0.000215722 -0.000361298 0.000864335 
65 H 0.000676482 -0.000326355 0.000597849 
66 H 0.00092789 -0.000183143 -0.00090977 
67 H -0.00071031 -0.00017485 -0.00060063 
68 H -0.000676482 -0.000326355 0.000597849 
69 C -0.000623206 0.001602301 -0.00082743 
70 H 0.000328305 -0.000339687 -0.00058141 
71 C 0.000623206 0.001602301 -0.00082743 
72 H -0.000328305 -0.000339687 -0.00058141 
73 C -0.001828726 0.000260225 0.000219957 
74 H 0.001011391 0.000796953 -0.00046117 
75 C 0.001828726 0.000260225 0.000219957 
76 H -0.001011391 0.000796953 -0.00046117 
 
 
Calculated AM1 X,Y,Z-coordinates for 43 
       
                                              Coordinates (Angstroms) 
Atom  X Y  Z 
1 C -1.229818 0 4.272646 
2 C -2.457403 0 3.636424 
3 C -2.948952 -1.267534 3.143622 
4 C 1.988081 -1.444425 3.636424 
5 C -0.380035 1.169627 4.272646 
6 C -0.380035 -1.169627 4.272646 
7 C -0.759379 2.337129 3.636424 
8 C 0.994944 0.722869 4.272646 
9 C -2.116773 2.41293 3.143622 
10 C -2.948952 1.267534 3.143622 
11 C 1.988081 1.444425 3.636424 
12 C 1.640714 -2.758807 3.143622 
13 C 1.640714 2.758807 3.143622 
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14 C 0.294221 3.19631 3.143622 
15 C 3.13079 -0.707894 3.143622 
16 C -0.759379 -2.337129 3.636424 
17 C 0.994944 -0.722869 4.272646 
18 C 0.294221 -3.19631 3.143622 
19 C -2.116773 -2.41293 3.143622 
20 C 3.13079 0.707894 3.143622 
21 C -5.926497 0 1.358819 
22 C -4.811729 0 2.164878 
23 C -4.15413 1.268921 2.380773 
24 C -6.914537 1.455807 -1.776957 
25 C -6.30816 -1.170222 0.596706 
26 C -6.30816 1.170222 0.596706 
27 C -5.560009 -2.335072 0.615443 
28 C -6.958707 -0.722076 -0.600713 
29 C -4.519144 -2.403774 1.617657 
30 C -4.15413 -1.268921 2.380773 
31 H -6.373295 3.397717 -2.577696 
32 C -6.914537 -1.455807 -1.776957 
33 C -6.336314 2.763402 -1.679067 
34 C -6.336314 -2.763402 -1.679067 
35 C -5.641382 -3.192612 -0.54925 
36 H -6.373295 -3.397717 -2.577696 
37 C -7.180536 0.688037 -2.97212 
38 C -5.560009 2.335072 0.615443 
39 C -6.958707 0.722076 -0.600713 
40 C -5.641382 3.192612 -0.54925 
41 C -4.519144 2.403774 1.617657 
42 C -7.180536 -0.688037 -2.97212 
43 H -7.327942 1.236445 -3.914783 
44 H -7.327942 -1.236445 -3.914783 
45 C -1.831388 5.636434 1.358819 
46 C -1.486906 4.576227 2.164878 
47 C -0.076881 4.342931 2.380773 
48 C -0.752155 7.025984 -1.776957 
49 C -3.062276 5.637798 0.596706 
50 C -0.836381 6.361035 0.596706 
51 C -3.938923 4.566306 0.615443 
52 C -2.837094 6.39499 -0.600713 
53 C -3.682617 3.555155 1.617657 
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54 C -2.490513 3.558694 2.380773 
55 H 1.261965 7.111316 -2.577696 
56 C -3.521264 6.126246 -1.776957 
57 C 0.670123 6.880131 -1.679067 
58 C -4.58618 5.172255 -1.679067 
59 C -4.779637 4.378702 -0.54925 
60 H -5.200878 5.011411 -2.577696 
61 C -1.564546 7.041711 -2.97212 
62 C 0.502649 6.00946 0.615443 
63 C -1.463624 6.841257 -0.600713 
64 C 1.293071 6.351845 -0.54925 
65 C 0.889632 5.040768 1.617657 
66 C -2.87327 6.61648 -2.97212 
67 H -1.088529 7.351369 -3.914783 
68 H -3.440388 6.587204 -3.914783 
69 C 4.794637 3.483508 1.358819 
70 C 3.892771 2.828264 2.164878 
71 C 4.106615 1.415157 2.380773 
72 C 6.449679 2.88649 -1.776957 
73 C 4.415569 4.654573 0.596706 
74 C 5.791247 2.761114 0.596706 
75 C 3.125621 5.157204 0.615443 
76 C 5.205286 4.674397 -0.600713 
77 C 2.243162 4.60098 1.617657 
78 C 2.614908 3.468315 2.380773 
79 H 7.153232 0.997318 -2.577696 
80 C 4.738276 5.242035 -1.776957 
81 C 6.750473 1.488753 -1.679067 
82 C 3.501899 5.960031 -1.679067 
83 C 2.687404 5.898798 -0.54925 
84 H 3.158976 6.49494 -2.577696 
85 C 6.213594 3.66398 -2.97212 
86 C 5.870663 1.378978 0.615443 
87 C 6.054138 3.506053 -0.600713 
88 C 6.440544 0.733044 -0.54925 
89 C 5.068967 0.711593 1.617657 
90 C 5.404758 4.777247 -2.97212 
91 H 6.655194 3.306951 -3.914783 
92 H 5.201665 5.307561 -3.914783 
93 C 4.794637 -3.483508 1.358819 
A118 
 
94 C 3.892771 -2.828264 2.164878 
95 C 2.614908 -3.468315 2.380773 
96 C 4.738276 -5.242035 -1.776957 
97 C 5.791247 -2.761114 0.596706 
98 C 4.415569 -4.654573 0.596706 
99 C 5.870663 -1.378978 0.615443 
100 C 6.054138 -3.506053 -0.600713 
101 C 5.068967 -0.711593 1.617657 
102 C 4.106615 -1.415157 2.380773 
103 H 3.158976 -6.49494 -2.577696 
104 C 6.449679 -2.88649 -1.776957 
105 C 3.501899 -5.960031 -1.679067 
106 C 6.750473 -1.488753 -1.679067 
107 C 6.440544 -0.733044 -0.54925 
108 H 7.153232 -0.997318 -2.577696 
109 C 5.404758 -4.777247 -2.97212 
110 C 3.125621 -5.157204 0.615443 
111 C 5.205286 -4.674397 -0.600713 
112 C 2.687404 -5.898798 -0.54925 
113 C 2.243162 -4.60098 1.617657 
114 C 6.213594 -3.66398 -2.97212 
115 H 5.201665 -5.307561 -3.914783 
116 H 6.655194 -3.306951 -3.914783 
117 C -1.831388 -5.636434 1.358819 
118 C -1.486906 -4.576227 2.164878 
119 C -2.490513 -3.558694 2.380773 
120 C -3.521264 -6.126246 -1.776957 
121 C -0.836381 -6.361035 0.596706 
122 C -3.062276 -5.637798 0.596706 
123 C 0.502649 -6.00946 0.615443 
124 C -1.463624 -6.841257 -0.600713 
125 C 0.889632 -5.040768 1.617657 
126 C -0.076881 -4.342931 2.380773 
127 H -5.200878 -5.011411 -2.577696 
128 C -0.752155 -7.025984 -1.776957 
129 C -4.58618 -5.172255 -1.679067 
130 C 0.670123 -6.880131 -1.679067 
131 C 1.293071 -6.351845 -0.54925 
132 H 1.261965 -7.111316 -2.577696 
133 C -2.87327 -6.61648 -2.97212 
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134 C -3.938923 -4.566306 0.615443 
135 C -2.837094 -6.39499 -0.600713 
136 C -4.779637 -4.378702 -0.54925 
137 C -3.682617 -3.555155 1.617657 
138 C -1.564546 -7.041711 -2.97212 
139 H -3.440388 -6.587204 -3.914783 
140 H -1.088529 -7.351369 -3.914783 
 
Calculated B3LYP/6-31G* X,Y,Z-coordinates for 43 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 C 1.214608 -3.792768 0 
2 C 2.459832 -3.182223 0 
3 C 2.962268 -2.697051 1.267828 
4 C -1.990395 -3.18271 1.445974 
5 C 0.375333 -3.793098 -1.155231 
6 C 0.375333 -3.793098 1.155231 
7 C 0.760139 -3.182951 -2.339838 
8 C -0.982737 -3.792907 -0.713933 
9 C 2.121165 -2.697492 -2.425914 
10 C 2.962268 -2.697051 -1.267828 
11 C -1.990395 -3.18271 -1.445974 
12 C -1.651747 -2.698056 2.767396 
13 C -1.651747 -2.698056 -2.767396 
14 C -0.290486 -2.698509 -3.209883 
15 C -3.142158 -2.697248 0.715656 
16 C 0.760139 -3.182951 2.339838 
17 C -0.982737 -3.792907 0.713933 
18 C -0.290486 -2.698509 3.209883 
19 C 2.121165 -2.697492 2.425914 
20 C -3.142158 -2.697248 -0.715656 
21 C 5.926873 -0.892673 0 
22 C 4.822432 -1.71389 0 
23 C 4.167392 -1.940951 -1.270403 
24 C 6.970231 2.199214 -1.459642 
25 C 6.31324 -0.146183 1.156225 
26 C 6.31324 -0.146183 -1.156225 
27 C 5.590631 -0.179292 2.34145 
28 C 6.968154 1.025319 0.71245 
29 C 4.542352 -1.175856 2.422417 
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30 C 4.167392 -1.940951 1.270403 
31 H 6.392981 3.006201 -3.383053 
32 C 6.970231 2.199214 1.459642 
33 C 6.399985 2.108624 -2.771474 
34 C 6.399985 2.108624 2.771474 
35 C 5.686754 0.979873 3.215875 
36 H 6.392981 3.006201 3.383053 
37 C 7.257213 3.399084 -0.691244 
38 C 5.590631 -0.179292 -2.34145 
39 C 6.968154 1.025319 -0.71245 
40 C 5.686754 0.979873 -3.215875 
41 C 4.542352 -1.175856 -2.422417 
42 C 7.257213 3.399084 0.691244 
43 H 7.373599 4.347318 -1.211288 
44 H 7.373599 4.347318 1.211288 
45 C 1.831565 -0.894098 -5.63762 
46 C 1.490223 -1.714955 -4.586999 
47 C 0.079582 -1.942451 -4.356863 
48 C 0.766117 2.196197 -7.084395 
49 C 3.050573 -0.147514 -5.648069 
50 C 0.851412 -0.148414 -6.363253 
51 C 3.9542 -0.179877 -4.59425 
52 C 2.830826 1.023416 -6.408763 
53 C 3.707235 -1.176156 -3.572257 
54 C 2.49585 -1.941354 -3.571263 
55 H -1.241236 3.003335 -7.130418 
56 C 3.541514 2.197693 -6.180085 
57 C -0.657686 2.10579 -6.947308 
58 C 4.612031 2.108079 -5.231347 
59 C 4.815042 0.979564 -4.415573 
60 H 5.190688 3.006059 -5.03533 
61 C 1.585351 3.396214 -7.120656 
62 C -0.499114 -0.181286 -6.042375 
63 C 1.476006 1.022646 -6.849751 
64 C -1.30089 0.977717 -6.405122 
65 C -0.90001 -1.177415 -5.069931 
66 C 2.899803 3.397011 -6.692344 
67 H 1.126621 4.34402 -7.393413 
68 H 3.430117 4.345404 -6.642839 
69 C -4.794494 -0.892136 -3.483727 
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70 C -3.901373 -1.713833 -2.834786 
71 C -4.118176 -1.940672 -1.421994 
72 C -6.49661 2.1998 -2.917464 
73 C -4.427756 -0.146425 -4.64665 
74 C -5.78656 -0.145425 -2.775521 
75 C -3.146816 -0.180226 -5.181368 
76 C -5.218212 1.025113 -4.672846 
77 C -2.251398 -1.176884 -4.630598 
78 C -2.625081 -1.941883 -3.477944 
79 H -7.159783 3.007441 -1.022224 
80 C -4.781261 2.198601 -5.279552 
81 C -6.805803 2.109792 -1.520817 
82 C -3.549154 2.107337 -6.006027 
83 C -2.711085 0.978394 -5.946296 
84 H -3.183723 3.004467 -6.497186 
85 C -6.277493 3.399263 -3.708521 
86 C -5.898389 -0.178008 -1.391948 
87 C -6.055337 1.025727 -3.519985 
88 C -6.48999 0.981421 -0.741485 
89 C -5.09836 -1.174927 -0.710486 
90 C -5.46519 3.398698 -4.827232 
91 H -6.677303 4.347691 -3.356647 
92 H -5.253754 4.346661 -5.316934 
93 C -4.794494 -0.892136 3.483727 
94 C -3.901373 -1.713833 2.834786 
95 C -2.625081 -1.941883 3.477944 
96 C -4.781261 2.198601 5.279552 
97 C -5.78656 -0.145425 2.775521 
98 C -4.427756 -0.146425 4.64665 
99 C -5.898389 -0.178008 1.391948 
100 C -6.055337 1.025727 3.519985 
101 C -5.09836 -1.174927 0.710486 
102 C -4.118176 -1.940672 1.421994 
103 H -3.183723 3.004467 6.497186 
104 C -6.49661 2.1998 2.917464 
105 C -3.549154 2.107337 6.006027 
106 C -6.805803 2.109792 1.520817 
107 C -6.48999 0.981421 0.741485 
108 H -7.159783 3.007441 1.022224 
109 C -5.46519 3.398698 4.827232 
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110 C -3.146816 -0.180226 5.181368 
111 C -5.218212 1.025113 4.672846 
112 C -2.711085 0.978394 5.946296 
113 C -2.251398 -1.176884 4.630598 
114 C -6.277493 3.399263 3.708521 
115 H -5.253754 4.346661 5.316934 
116 H -6.677303 4.347691 3.356647 
117 C 1.831565 -0.894098 5.63762 
118 C 1.490223 -1.714955 4.586999 
119 C 2.49585 -1.941354 3.571263 
120 C 3.541514 2.197693 6.180085 
121 C 0.851412 -0.148414 6.363253 
122 C 3.050573 -0.147514 5.648069 
123 C -0.499114 -0.181286 6.042375 
124 C 1.476006 1.022646 6.849751 
125 C -0.90001 -1.177415 5.069931 
126 C 0.079582 -1.942451 4.356863 
127 H 5.190688 3.006059 5.03533 
128 C 0.766117 2.196197 7.084395 
129 C 4.612031 2.108079 5.231347 
130 C -0.657686 2.10579 6.947308 
131 C -1.30089 0.977717 6.405122 
132 H -1.241236 3.003335 7.130418 
133 C 2.899803 3.397011 6.692344 
134 C 3.9542 -0.179877 4.59425 
135 C 2.830826 1.023416 6.408763 
136 C 4.815042 0.979564 4.415573 
137 C 3.707235 -1.176156 3.572257 
138 C 1.585351 3.396214 7.120656 
139 H 3.430117 4.345404 6.642839 
140 H 1.126621 4.34402 7.393413 
 
Calculated AM1 X,Y,Z-coordinates for the concave addition of acetylene + 43 (43c) TS 
       
                                              Coordinates (Angstroms) 
Atom  X Y  Z 
1 C 0.694079 0.722596 4.391735 
2 C 1.709408 1.445671 3.790467 
3 C 1.379088 2.759345 3.282671 
4 C -2.732775 -0.00202 3.631733 
5 C 0.695218 -0.721206 4.391671 
6 C -0.680711 1.169414 4.341519 
A123 
 
7 C 1.711716 -1.442798 3.790567 
8 C -0.678836 -1.170225 4.341495 
9 C 2.868843 -0.704745 3.340944 
10 C 2.8677 0.709409 3.340874 
11 C -1.033732 -2.336968 3.69041 
12 C -3.207821 1.264394 3.121554 
13 C 0.037538 -3.195679 3.233632 
14 C 1.383503 -2.757092 3.282978 
15 C -3.205718 -1.26913 3.121333 
16 C -1.037461 2.335556 3.690374 
17 C -1.528636 -0.00109 4.311484 
18 C -2.376314 2.409838 3.148995 
19 C 0.032438 3.195846 3.233385 
20 C -2.372371 -2.413225 3.148785 
21 C 4.592036 3.476103 1.595355 
22 C 3.663563 2.825508 2.382376 
23 C 3.872624 1.420596 2.613414 
24 C 6.358393 2.879753 -1.4803 
25 C 4.233817 4.640698 0.813027 
26 C 5.613523 2.755809 0.881289 
27 C 2.945669 5.142869 0.788531 
28 C 5.064151 4.654424 -0.357382 
29 C 2.030693 4.593234 1.767015 
30 C 2.378237 3.466313 2.550578 
31 C 4.641719 5.230355 -1.548339 
32 C 3.401259 5.948459 -1.491079 
33 C 2.547321 5.883416 -0.392013 
34 H 3.091821 6.487839 -2.399056 
35 C 6.166611 3.655454 -2.679265 
36 C 5.703133 1.380425 0.921056 
37 C 5.915252 3.491984 -0.32769 
38 C 6.348375 0.713955 -0.202223 
39 C 4.86748 0.71652 1.890304 
40 C 5.354774 4.771892 -2.712636 
41 H 6.64069 3.301391 -3.607548 
42 H 5.191922 5.301419 -3.663529 
43 C 4.597601 -3.468733 1.595611 
44 C 3.668044 -2.819592 2.382519 
45 C 2.38379 -3.462503 2.550912 
46 C 4.650209 -5.223041 -1.547911 
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47 C 5.617971 -2.746817 0.881531 
48 C 4.241328 -4.634021 0.813408 
49 C 5.705303 -1.371337 0.921132 
50 C 5.921008 -3.482662 -0.32735 
51 C 4.868566 -0.708674 1.890291 
52 C 3.874854 -1.414338 2.613449 
53 H 3.102272 -6.482602 -2.39884 
54 C 6.363158 -2.869794 -1.479991 
55 C 3.410812 -5.942968 -1.49071 
56 C 6.349536 -0.703896 -0.202162 
57 C 5.36255 -4.763538 -2.712242 
58 C 2.954002 -5.138227 0.788958 
59 C 5.071763 -4.646488 -0.356982 
60 C 2.556783 -5.879354 -0.391599 
61 C 2.038097 -4.590059 1.76743 
62 C 6.17266 -3.645845 -2.678931 
63 H 5.200471 -5.293296 -3.663131 
64 H 6.646166 -3.291105 -3.60725 
65 C -2.02337 -5.631193 1.367289 
66 C -1.707447 -4.573402 2.187979 
67 C -2.719138 -3.557769 2.371479 
68 C -3.610074 -6.114914 -1.823689 
69 C -1.001862 -6.350811 0.635687 
70 C -3.228141 -5.63249 0.564838 
71 C 0.335074 -5.997239 0.700941 
72 C -1.588446 -6.826946 -0.583778 
73 C 0.687404 -5.032274 1.720407 
74 C -0.30588 -4.339034 2.454519 
75 H -5.271151 -5.008845 -2.673481 
76 C -0.83858 -7.00391 -1.737161 
77 C -4.682786 -5.166979 -1.756914 
78 C 0.579099 -6.855669 -1.59164 
79 C 1.163667 -6.333103 -0.438843 
80 H 1.199887 -7.080573 -2.471927 
81 C -2.92146 -6.596729 -2.999234 
82 C -4.108327 -4.563873 0.557704 
83 C -2.962442 -6.384886 -0.627205 
84 C -4.914088 -4.37721 -0.631703 
85 C -3.885423 -3.554474 1.569158 
86 C -1.611378 -7.01589 -2.958301 
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87 H -3.457233 -6.564601 -3.960021 
88 H -1.103171 -7.316374 -3.886986 
89 C -6.128717 -0.004755 1.245306 
90 C -5.03836 -0.003841 2.084299 
91 C -4.387755 1.264815 2.320022 
92 C -7.023219 1.449942 -1.919031 
93 C -6.485835 -1.17521 0.471831 
94 C -6.487584 1.165082 0.47173 
95 C -5.735676 -2.33837 0.511758 
96 C -7.101301 -0.727673 -0.744244 
97 C -4.724633 -2.405417 1.544171 
98 C -4.385668 -1.271448 2.319834 
99 H -6.459466 3.391254 -2.704423 
100 C -7.021425 -1.461186 -1.918798 
101 C -6.447841 2.757384 -1.804849 
102 C -6.444221 -2.767827 -1.804573 
103 C -5.780621 -3.195114 -0.655442 
104 H -6.455497 -3.401905 -2.704008 
105 C -7.253087 0.682164 -3.121602 
106 C -5.739271 2.329413 0.511762 
107 C -7.102266 0.716509 -0.744356 
108 C -5.785415 3.185944 -0.655516 
109 C -4.728493 2.398223 1.544322 
110 C -7.252298 -0.69389 -3.121483 
111 H -7.371583 1.230477 -4.068423 
112 H -7.3702 -1.242524 -4.06819 
113 C -2.032307 5.628208 1.367112 
114 C -1.714761 4.570944 2.187922 
115 C -0.312826 4.338628 2.454247 
116 C -0.849904 7.002429 -1.737612 
117 C -3.237158 5.627683 0.56482 
118 C -1.011981 6.349282 0.635326 
119 C -4.115628 4.557637 0.557785 
120 C -2.972723 6.380436 -0.627283 
121 C -3.891167 3.548659 1.569325 
122 C -2.724925 3.553846 2.371696 
123 H 1.188444 7.082744 -2.472339 
124 C -3.620064 6.109349 -1.823685 
125 C 0.56805 6.856611 -1.592087 
126 C -4.691365 5.15987 -1.75676 
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127 C -4.921091 4.369617 -0.631607 
128 H -5.279775 5.001076 -2.673185 
129 C -1.622776 7.012775 -2.958726 
130 C 0.325477 5.997694 0.700472 
131 C -1.599391 6.824497 -0.584105 
132 C 1.153488 6.334957 -0.439322 
133 C 0.679313 5.033297 1.719956 
134 C -2.932237 6.591671 -2.999433 
135 H -1.115122 7.313578 -3.887609 
136 H -3.468108 6.558146 -3.960123 
137 C 6.683433 1.455115 -1.379947 
138 H 7.497869 1.082664 -2.028341 
139 C 6.685861 -1.444651 -1.379756 
140 H 7.499417 -1.070833 -2.028439 
141 C 5.329523 -0.617514 -2.693054 
142 H 4.978441 -1.56859 -3.039095 
143 C 5.32863 0.625997 -2.692958 
144 H 4.975897 1.576464 -3.03904 
 
Calculated B3LYP/6-31G* X,Y,Z-coordinates for the concave addition of acetylene + 43 (43c) TS 
Coordinates (Angstroms) 
Atom X Y  Z 
1 C -0.785285 0.712874 -3.888617 
2 C -1.810415 1.445599 -3.305592 
3 C -1.485791 2.765828 -2.808182 
4 C 2.640374 0.000037 -3.183439 
5 C -0.785264 -0.712899 -3.888613 
6 C 0.57262 1.154826 -3.849547 
7 C -1.810375 -1.445653 -3.305594 
8 C 0.572652 -1.154811 -3.849541 
9 C -2.974914 -0.71554 -2.85616 
10 C -2.974935 0.715453 -2.856162 
11 C 0.939863 -2.3386 -3.227636 
12 C 3.129305 1.267587 -2.684659 
13 C -0.124181 -3.208266 -2.769742 
14 C -1.485712 -2.765872 -2.808179 
15 C 3.129341 -1.267498 -2.684656 
16 C 0.939796 2.338624 -3.227639 
17 C 1.41211 0.000019 -3.827447 
18 C 2.287335 2.424894 -2.705913 
19 C -0.124274 3.208258 -2.769742 
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20 C 2.287405 -2.424831 -2.705913 
21 C -4.670537 3.468451 -1.065483 
22 C -3.759849 2.82823 -1.883046 
23 C -3.97262 1.4244 -2.126438 
24 C -6.43971 2.908769 1.99012 
25 C -4.320349 4.627715 -0.304358 
26 C -5.673809 2.760558 -0.352395 
27 C -3.04284 5.167331 -0.311228 
28 C -5.138946 4.654989 0.847941 
29 C -2.123944 4.621954 -1.292683 
30 C -2.478895 3.473226 -2.074188 
31 C -4.738239 5.279605 2.026569 
32 C -3.505731 6.010516 1.959599 
33 C -2.638361 5.940297 0.854582 
34 H -3.167045 6.515439 2.859575 
35 C -6.261779 3.706722 3.184122 
36 C -5.797457 1.383291 -0.41137 
37 C -5.966849 3.497672 0.834096 
38 C -6.446225 0.714141 0.710624 
39 C -4.978232 0.710031 -1.39194 
40 C -5.453675 4.83573 3.204337 
41 H -6.688384 3.362604 4.124139 
42 H -5.280221 5.333601 4.155815 
43 C -4.670437 -3.468587 -1.065483 
44 C -3.759768 -2.82834 -1.883045 
45 C -2.478795 -3.473299 -2.074186 
46 C -4.738081 -5.279737 2.026574 
47 C -5.673728 -2.760723 -0.352394 
48 C -4.320212 -4.627836 -0.304353 
49 C -5.797413 -1.383459 -0.411369 
50 C -5.966746 -3.497843 0.8341 
51 C -4.978211 -0.710175 -1.391941 
52 C -3.972577 -1.424514 -2.126436 
53 H -3.166851 -6.515525 2.85958 
54 C -6.439616 -2.90895 1.990125 
55 C -3.505554 -6.010615 1.959602 
56 C -6.446201 -0.714327 0.710624 
57 C -5.453527 -4.835883 3.204343 
58 C -3.042688 -5.167418 -0.311225 
59 C -5.138808 -4.655135 0.847946 
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60 C -2.638187 -5.940373 0.854584 
61 C -2.123808 -4.622016 -1.292679 
62 C -6.26166 -3.706894 3.184129 
63 H -5.280057 -5.333744 4.155823 
64 H -6.68827 -3.362786 4.124145 
65 C 1.949088 -5.634673 -0.908727 
66 C 1.629331 -4.58417 -1.738078 
67 C 2.641636 -3.569805 -1.939608 
68 C 3.582616 -6.180855 2.223777 
69 C 0.949626 -6.359019 -0.186838 
70 C 3.148897 -5.646463 -0.132352 
71 C -0.399246 -6.03628 -0.252131 
72 C 1.545183 -6.847258 0.998541 
73 C -0.775014 -5.063195 -1.259077 
74 C 0.225194 -4.352782 -2.00214 
75 H 5.212413 -5.038232 3.07288 
76 C 0.807087 -7.082899 2.154495 
77 C 4.655441 -5.232956 2.161005 
78 C -0.613453 -6.94436 2.029714 
79 C -1.228541 -6.400313 0.886752 
80 H -1.218837 -7.127217 2.912708 
81 C 2.911817 -6.694445 3.406651 
82 C 4.054497 -4.593514 -0.141953 
83 C 2.899824 -6.407492 1.03251 
84 C 4.886209 -4.415983 1.038391 
85 C 3.833285 -3.571473 -1.14395 
86 C 1.597487 -7.121577 3.37372 
87 H 3.419491 -6.647169 4.367504 
88 H 1.116075 -7.39584 4.309812 
89 C 6.046311 0.000087 -0.804003 
90 C 4.963535 0.000071 -1.653575 
91 C 4.3143 1.270355 -1.897425 
92 C 7.008173 1.459822 2.314153 
93 C 6.413033 -1.156207 -0.047713 
94 C 6.413003 1.156393 -0.047715 
95 C 5.691334 -2.341459 -0.099645 
96 C 7.036966 -0.712392 1.140584 
97 C 4.668984 -2.422153 -1.122738 
98 C 4.314336 -1.270231 -1.897423 
99 H 6.409852 3.382951 3.105811 
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100 C 7.008214 -1.459619 2.314154 
101 C 6.440497 2.771521 2.20863 
102 C 6.440576 -2.771335 2.208632 
103 C 5.757386 -3.216002 1.061508 
104 H 6.409951 -3.382765 3.105813 
105 C 7.263433 0.691307 3.521184 
106 C 5.691268 2.341624 -0.099646 
107 C 7.036947 0.712596 1.140583 
108 C 5.757293 3.216166 1.061506 
109 C 4.668914 2.422288 -1.122738 
110 C 7.263454 -0.691093 3.521184 
111 H 7.355117 1.211402 4.47213 
112 H 7.355153 -1.211184 4.472134 
113 C 1.948925 5.634724 -0.908726 
114 C 1.629198 4.584213 -1.73808 
115 C 0.225069 4.352785 -2.002142 
116 C 0.806881 7.082917 2.154495 
117 C 3.148735 5.646552 -0.132352 
118 C 0.949441 6.359037 -0.186834 
119 C 4.054364 4.59363 -0.141954 
120 C 2.899639 6.407572 1.03251 
121 C 3.833181 3.571582 -1.143952 
122 C 2.641533 3.569878 -1.939609 
123 H -1.219045 7.127184 2.912706 
124 C 3.582437 6.180955 2.223778 
125 C -0.613656 6.944341 2.029714 
126 C 4.65529 5.233088 2.161005 
127 C 4.886083 4.416124 1.038389 
128 H 5.212273 5.038383 3.072878 
129 C 1.59728 7.121623 3.373719 
130 C -0.399423 6.036265 -0.252131 
131 C 1.544984 6.847294 0.998544 
132 C -1.22873 6.400276 0.886752 
133 C -0.775162 5.063171 -1.259078 
134 C 2.911623 6.694529 3.406651 
135 H 1.11586 7.395873 4.309811 
136 H 3.419296 6.647268 4.367505 
137 C -6.719366 1.467264 1.914364 
138 H -7.425937 1.052112 2.626667 
139 C -6.719316 -1.467452 1.914366 
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140 H -7.4259 -1.05232 2.626669 
141 C -5.200374 -0.622934 3.239044 
142 H -4.810632 -1.560485 3.585394 
143 C -5.200405 0.622813 3.239037 
144 H -4.810753 1.560387 3.585426 
 
Appendix A.3: Molecules Presented in Chapter 4 
 
Appendix A.3.1: Details of the Calculations for the Diels-Alder Cycloadditions of Various Dienophiles to Cyclopentadiene (51) in 
Figure 4.1 and X,Y,Z Coordinates of All Starting Materials and Transition States (TS) 
 
All calculations were performed at the AM1 level except that of phenylvinyl selenoxide (66) which used PM3 to accommodate 
selenium.  All calculations employed the programs in Spartan.1 Complete vibrational analyses were performed to confirm that all 
starting materials have no imaginary frequencies and that all transition states have one imaginary frequency. For chiral or stereogenic 
dienophiles, all possible conformers and stereochemistry of transition states were screened and the lowest energy transition state is 
presented below.  The results were not zero point energy corrected.i   
Calculated AM1 energy and XYZ coordinates for cyclopentadiene (51)  
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H 0 0.909331 -1.784354 
2 C 0 0 -1.133609 
3 C 1.179905 0 -0.192626 
4 C 0.73591 0 1.092164 
5 C -0.73591 0 1.092164 
6 C -1.179905 0 -0.192626 
7 H 0 -0.909331 -1.784354 
8 H 2.205595 0 -0.554433 
9 H -2.205595 0 -0.554433 
10 H -1.328249 0 2.006054 
11 H 1.328249 0 2.006054 
Energy: 37.06 kcal/mol 
Calculated PM3 energy and XYZ coordinates for cyclopentadiene (51)  
Coordinates (Angstroms) 
                                               
 
i
 See Chapter 3 for details regarding the computer workstation and techniques for finding transition states. 
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Atom X Y  Z 
1 H 0 0.889234 -1.784123 
2 C 0 0 -1.128114 
3 C 1.174498 0 -0.19152 
4 C 0.732175 0 1.086527 
5 C -0.732175 0 1.086527 
6 C -1.174498 0 -0.19152 
7 H 0 -0.889234 -1.784123 
8 H 2.203879 0 -0.541921 
9 H 1.330704 0 1.995094 
10 H -1.330704 0 1.995094 
11 H -2.203879 0 -0.541921 




Calculated AM1 energy and XYZ coordinates for dienophile (54)  
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H -2.272546 -0.037205 -0.282605 
2 C -1.308128 0.014804 -0.819684 
3 C 1.137502 0.145153 -2.148821 
4 C -0.189706 0.524707 -0.155213 
5 C -1.210982 -0.420763 -2.140865 
6 C 0.012702 -0.356611 -2.806078 
7 C 1.033825 0.581404 -0.830352 
8 S -0.312696 1.174941 1.425715 
9 H -2.099194 -0.816782 -2.65499 
10 H 0.093447 -0.702442 -3.847507 
11 H 1.925486 0.97334 -0.315512 
12 H 2.103973 0.194836 -2.671098 
13 C 0.651795 0.08277 2.301751 
14 O -1.720903 0.959845 1.868865 
15 C 0.273741 -0.574667 3.394056 
16 H 1.683634 -0.016332 1.927649 
17 H 0.957901 -1.204674 3.97946 
18 H -0.759851 -0.522325 3.77523 
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Energy: 13.53 kcal/mol 
Calculated AM1 energy and XYZ  coordinates for dienophile (66) 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H 2.212204 -0.187493 0.074796 
2 C 1.383284 -0.05725 -0.634104 
3 C -0.769183 0.318436 -2.375211 
4 C 0.221571 0.559941 -0.217464 
5 C 1.469293 -0.494922 -1.954468 
6 C 0.3946 -0.307217 -2.818465 
7 C -0.858631 0.75931 -1.058969 
8 O 1.551346 0.968197 2.302858 
9 H 2.381392 -0.98547 -2.309566 
10 H 0.463278 -0.652544 -3.855549 
11 H -1.758187 1.258859 -0.68304 
12 H -1.609469 0.464117 -3.061523 
13 C -1.149572 -0.022821 2.307443 
14 Se 0.067526 1.277954 1.549893 
15 C -0.748972 -0.746762 3.328387 
16 H -2.130258 -0.018613 1.83803 
17 H -1.391956 -1.446124 3.856328 
18 H 0.271732 -0.6876 3.710625 
Energy: 16.46 kcal/mol 
 
Calculated AM1 energy and XYZ  coordinates for dienophile (61) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H 2.312949 -0.090306 0.198545 
2 C 1.341946 -0.132034 -0.330456 
3 C -1.130911 -0.232074 -1.635975 
4 C 0.223578 -0.635141 0.337538 
5 C 1.249018 0.317913 -1.646404 
6 C 0.005902 0.264243 -2.294355 
7 C -1.00727 -0.676768 -0.322465 
8 S 0.37262 -1.3037 1.922205 
9 H 2.137221 0.712717 -2.168943 
10 N -0.112674 0.742231 -3.69989 
11 H -1.899397 -1.063754 0.196594 
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12 H -2.104794 -0.267631 -2.153272 
13 C -0.642228 -0.268081 2.80179 
14 O 1.766236 -1.021986 2.358288 
15 C -0.277091 0.477453 3.841664 
16 H -1.698428 -0.288252 2.486354 
17 H -0.992449 1.06379 4.436507 
18 H 0.774537 0.544692 4.168487 
19 O -1.183227 0.686797 -4.243413 
20 O 0.864461 1.169889 -4.2528 
Energy: 18.34 kcal/mol 
 
Calculated AM1 energy and XYZ coordinates for dienophile (62)  
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 F -2.46488 -0.059747 -0.06381 
2 C -1.29714 0.034755 -0.72793 
3 C 1.10063 0.158033 -2.201312 
4 C -0.150554 0.570394 -0.113753 
5 C -1.266125 -0.428002 -2.073522 
6 C -0.064067 -0.366 -2.812871 
7 C 1.042405 0.616227 -0.861826 
8 S -0.154635 1.256798 1.493391 
9 F -2.384362 -0.92936 -2.639937 
10 F -0.022869 -0.803576 -4.085919 
11 F 2.179373 1.105017 -0.314578 
12 F 2.259433 0.219614 -2.891577 
13 C 0.700747 0.061538 2.334366 
14 O -1.548576 1.214663 1.973964 
15 C 0.245621 -0.656859 3.357677 
16 H 1.747628 -0.052666 2.003587 
17 H 0.878591 -1.355149 3.924715 
18 H -0.801219 -0.585679 3.699336 
Energy: -192.95 kcal/mol 
 





Atom X Y  Z 
1 H 0.182225 -2.096218 -1.306897 
2 C 0.13671 -1.073315 -1.718657 
3 O -0.923338 -1.474393 1.012579 
4 C -0.371115 -0.055376 -1.023894 
5 H 0.53558 -0.957832 -2.737716 
6 F -0.185494 1.195812 2.763859 
7 H -0.36411 0.958156 -1.466888 
8 S -1.093696 -0.122719 0.485853 
9 F 0.381052 2.20799 0.929564 
10 F 1.484614 0.457747 1.586543 
11 C 0.217573 0.960148 1.475654 
 Energy: -160.60 kcal/mol 
 
Calculated AM1 energy and XYZ coordinates for dienophile (64) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 C -2.046053 0.420059 -0.852375 
2 C -1.093708 1.144888 -0.305384 
3 H -1.120749 2.165959 0.100784 
4 I 0.893138 0.455998 -0.069371 
5 H -1.912374 -0.609952 -1.222021 
6 H -3.068024 0.822778 -0.96052 
7 C 0.204218 -1.474867 0.043798 
8 O 1.366295 2.429855 -0.382576 
9 C -0.604509 -4.143959 0.217367 
10 C -0.124378 -2.027584 1.280042 
11 C 0.128719 -2.26001 -1.105376 
12 C -0.274294 -3.593453 -1.021089 
13 C -0.529584 -3.360368 1.368673 
14 H -0.065548 -1.421769 2.198043 
15 H 0.394012 -1.840546 -2.088442 
16 H -0.32775 -4.210092 -1.930257 
17 H -0.786696 -3.792159 2.347187 
18 H -0.921425 -5.195221 0.285845 
19 C 1.138993 3.464979 0.402282 
20 O 0.254841 3.369739 1.277191 
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21 C 1.963993 4.68769 0.14856 
22 H 2.962366 4.55506 0.630813 
23 H 1.458059 5.581396 0.584815 
24 H 2.110503 4.831552 -0.947986 
 Energy: 33.49 kcal/mol 
 
Calculated AM1 energy and XYZ coordinates for dienophile (65) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 C -2.922044 -0.468872 -1.653179 
2 C -1.711077 -0.401397 -1.137513 
3 H -1.213335 -1.103877 -0.463598 
4 I -0.402311 1.214943 -1.503237 
5 H -3.341377 0.302803 -2.323891 
6 H -3.586362 -1.322277 -1.439396 
7 C 0.619221 0.447354 0.120779 
8 O -1.694948 1.627882 -2.982567 
9 C 2.094045 -0.495534 2.30303 
10 C 1.470935 -0.64526 -0.025634 
11 C 0.506355 1.064751 1.364209 
12 C 1.24217 0.598077 2.45496 
13 C 2.208879 -1.11842 1.060285 
14 H 1.575273 -1.144465 -1.001273 
15 H -0.162319 1.928905 1.499907 
16 H 1.150763 1.092746 3.432909 
17 H 2.881536 -1.979316 0.93625 
18 H 2.674437 -0.865603 3.16063 
19 H -1.389061 1.267559 -3.80267 
Energy: 83.99 kcal/mol 
  
Calculated AM1 energy and XYZ coordinates for dienophile (67) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 C -0.25298 0 1.218928 
2 C 0.492189 0 0.111361 
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3 N -0.087592 0 -1.250162 
4 H 1.595988 0 0.077727 
5 H 0.221008 0 2.211461 
6 H -1.354383 0 1.2075 
7 O -1.282059 0 -1.391455 
8 O 0.667829 0 -2.185361 
Energy: 15.95 kcal/mol 
 
 
Calculated AM1 energy and XYZ coordinates for the transition state of dienophile 54 + cyclopentadiene (51) (TS) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H -3.622934 2.285766 -1.817338 
2 C -4.200191 1.333366 -1.718265 
3 C -4.964633 0.943023 -2.973422 
4 C -5.016659 -0.479211 -2.995163 
5 C -4.016484 -0.984259 -2.139941 
6 C -3.34139 0.101212 -1.544038 
7 H -4.906117 1.437336 -0.853035 
8 C -3.38595 1.182024 -4.163217 
9 H -5.713834 1.600834 -3.417411 
10 H -5.657248 -1.076313 -3.643547 
11 H -3.474019 2.282696 -4.230908 
12 H -3.801199 0.630668 -5.022799 
13 H -3.751095 -2.035023 -2.028755 
14 C -2.308578 0.646442 -3.456568 
15 H -2.52622 0.038989 -0.824707 
16 H -2.039977 -0.400703 -3.669512 
17 S -1.10597 1.516044 -2.641243 
18 C 0.168247 1.526144 -3.794184 
19 O -1.57991 2.936014 -2.535576 
20 C 2.376 1.525317 -5.519311 
21 C 0.778933 0.324377 -4.164761 
22 C 0.670161 2.726377 -4.304615 
23 C 1.771431 2.729312 -5.159895 
24 C 1.877461 0.320345 -5.021436 
25 H 0.386883 -0.63022 -3.779394 
26 H 0.180289 3.675077 -4.020213 
27 H 2.159524 3.680657 -5.55221 
28 H 2.350536 -0.630594 -5.306047 
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29 H 3.243611 1.5238 -6.195753 
Energy: 88.77 kcal/mol 
 
Calculated AM1 energy and XYZ coordinates for the transition state of dienophile 66 + cyclopentadiene (51) (TS) 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H -1.709804 1.598964 -1.728949 
2 C -2.469822 0.803508 -1.612753 
3 C -2.336628 -0.351311 -2.580717 
4 C -2.882701 -1.481442 -1.952407 
5 C -2.944394 -1.242246 -0.564998 
6 C -2.437786 0.039649 -0.307958 
7 H -3.449765 1.304777 -1.739916 
8 C -0.328806 -0.686215 -1.99894 
9 H -2.251622 -0.207196 -3.658239 
10 H -3.13522 -2.421474 -2.439663 
11 H 0.065455 0.119763 -2.625999 
12 H -0.228102 -1.679073 -2.436644 
13 H -3.247977 -1.969917 0.185225 
14 C -0.388686 -0.521731 -0.640927 
15 H -2.41683 0.531609 0.667666 
16 H -0.325767 -1.32861 0.088842 
17 Se 0.05427 1.219686 0.0916 
18 C 1.530603 0.738883 1.212326 
19 O 0.740605 2.099834 -1.191132 
20 C 3.557837 0.117259 2.963164 
21 C 1.234445 -0.006611 2.340179 
22 C 2.808246 1.179403 0.932794 
23 C 3.834058 0.864998 1.822418 
24 C 2.26115 -0.320665 3.224585 
25 H 0.204606 -0.334934 2.521157 
26 H 2.99121 1.765275 0.021861 
27 H 4.855128 1.205877 1.622364 
28 H 2.05127 -0.90842 4.123914 
29 H 4.365031 -0.12964 3.661145 
Energy: 75.43 kcal/mol 
 
 
Calculated AM1 energy and XYZ coordinates for the transition state of dienophile 61 + cyclopentadiene (51) (TS) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
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1 H -1.8609 -0.457218 -0.538668 
2 C -1.351198 -0.22777 0.429655 
3 C -0.183618 -1.15001 0.746629 
4 C 0.748865 -0.382028 1.500913 
5 C 0.475712 0.988036 1.304582 
6 C -0.646424 1.107843 0.462024 
7 H -2.115431 -0.279398 1.249453 
8 C 0.652161 -0.948444 -1.028549 
9 H -0.316939 -2.229925 0.840674 
10 H 1.594261 -0.786372 2.057608 
11 H -0.016811 -1.662747 -1.54574 
12 H 1.636865 -1.360071 -0.749261 
13 H 1.0846 1.812718 1.674344 
14 C 0.540822 0.407005 -1.344485 
15 H -1.106632 2.035115 0.123566 
16 H 1.396538 1.050261 -1.082767 
17 S -0.552949 1.114012 -2.408252 
18 C 0.384298 1.230705 -3.859864 
19 O -1.617703 0.104111 -2.70301 
20 C 1.799174 1.583628 -6.239087 
21 C -0.063551 0.637151 -5.041835 
22 C 1.551791 1.997248 -3.879525 
23 C 2.267735 2.183445 -5.059066 
24 C 0.630822 0.806575 -6.23813 
25 H -0.981423 0.019835 -5.020392 
26 H 1.922301 2.461236 -2.95095 
27 H 3.188786 2.790497 -5.068993 
28 H 0.271021 0.334771 -7.168322 
29 N 2.556193 1.772183 -7.506411 
30 O 3.533081 2.472938 -7.501771 
31 O 2.172685 1.218808 -8.502005 
Energy: 84.73 kcal/mol 
 
 
Calculated AM1 energy and XYZ coordinates for the transition state of dienophile 62 + cyclopentadiene (51) (TS) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H -3.62319 2.256867 -1.734402 
2 C -4.215014 1.30962 -1.684732 
3 C -4.959932 0.978701 -2.969633 
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4 C -5.027589 -0.442135 -3.045997 
5 C -4.049178 -0.992207 -2.190686 
6 C -3.381177 0.059274 -1.534666 
7 H -4.939029 1.39322 -0.831653 
8 C -3.39718 1.255245 -4.132218 
9 H -5.706996 1.657498 -3.387528 
10 H -5.663085 -1.007337 -3.727883 
11 H -3.465193 2.360209 -4.148191 
12 H -3.813868 0.756382 -5.023956 
13 H -3.796131 -2.049989 -2.118006 
14 C -2.321351 0.669851 -3.461805 
15 H -2.572593 -0.038569 -0.811298 
16 H -2.085948 -0.377986 -3.715511 
17 S -1.114696 1.439527 -2.590646 
18 C 0.180425 1.508488 -3.773986 
19 O -1.542107 2.842626 -2.362598 
20 C 2.408646 1.520092 -5.563404 
21 C 0.872339 0.321087 -4.080907 
22 C 0.608317 2.701347 -4.383483 
23 C 1.720735 2.719148 -5.271337 
24 C 1.979972 0.310497 -4.965232 
25 F 0.496208 -0.858394 -3.533401 
26 F -0.018974 3.870774 -4.150094 
27 F 2.114977 3.880961 -5.835997 
28 F 2.622687 -0.84603 -5.237486 
29 F 3.461078 1.525066 -6.404796 
Energy: -126.93 kcal/mol 
 
 
Calculated AM1 energy and XYZ coordinates for the transition state of dienophile 63 + cyclopentadiene (51) (TS) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H -1.968937 0.177318 -0.257864 
2 C -1.249012 0.025318 0.578032 
3 C -0.25831 -1.111166 0.349717 
4 C 0.941761 -0.741024 1.02052 
5 C 0.923698 0.654388 1.255523 
6 C -0.295859 1.174347 0.792094 
7 H -1.835793 -0.162643 1.516712 
8 C 0.219969 -0.58609 -1.454639 
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9 H -0.598192 -2.144126 0.232855 
10 H 1.786281 -1.403028 1.220494 
11 H -0.70246 1.327504 -1.726186 
12 S 1.565291 1.785305 -1.381951 
13 H 1.751706 1.228587 1.674581 
14 C 0.233376 0.812128 -1.449725 
15 H -0.613132 2.216419 0.792329 
16 H 1.185883 -1.118897 -1.549205 
17 H -0.635421 -1.106225 -1.924492 
18 O 2.772366 0.952669 -1.378885 
19 C 1.509355 2.54973 -3.212069 
20 F 0.293164 3.114398 -3.506568 
21 F 1.757934 1.704123 -4.257956 
22 F 2.40616 3.574559 -3.368767 
Energy: -96.06 kcal/mol 
 
Calculated AM1 energy and XYZ coordinates for the transition state of dienophile 64 + cyclopentadiene (51) (TS) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H 0.519248 -2.190969 0.780749 
2 C 1.415749 -2.61452 0.272731 
3 C 1.623186 -2.132917 -1.147149 
4 C 3.015927 -2.123873 -1.391065 
5 C 3.692701 -2.169948 -0.156446 
6 C 2.734035 -2.18761 0.892633 
7 H 1.328353 -3.733388 0.285671 
8 C 1.58621 -0.071119 -0.411179 
9 H 0.835864 -2.098652 -1.903815 
10 H 3.48392 -2.007834 -2.368827 
11 H 1.705455 -0.18883 1.752694 
12 H 1.981421 0.313535 -1.355343 
13 H 4.772617 -2.104829 -0.021714 
14 C 2.250006 -0.197255 0.792468 
15 H 2.95622 -2.333626 1.949865 
16 H 3.292536 0.161736 0.851671 
17 I -0.503575 0.350779 -0.48099 
18 C -0.630347 0.541192 1.56076 
19 O -0.052276 0.011329 -2.469573 
20 C -0.966764 0.842614 4.321491 
21 C -1.105515 -0.51905 2.330885 
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22 C -0.328322 1.754446 2.177035 
23 C -0.49363 1.907248 3.554482 
24 C -1.274026 -0.372017 3.708518 
25 H -1.365734 -1.479982 1.85966 
26 H 0.035467 2.607478 1.582816 
27 H -0.256569 2.868601 4.033414 
28 H -1.654528 -1.211171 4.309034 
29 H -1.102296 0.962318 5.406508 
30 C -0.782871 0.415442 -3.491763 
31 O -1.849954 1.017731 -3.275567 
32 C -0.242601 0.100662 -4.853905 
33 H -1.088978 -0.080902 -5.558218 
34 H 0.416824 -0.797971 -4.816753 
35 H 0.351995 0.974304 -5.215172 
Energy: 100.04 kcal/mol 
 
Calculated AM1 energy and XYZ coordinates for the transition state of dienophile 65 + cyclopentadiene (51) (TS) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H -1.755324 -3.712558 -0.857992 
2 C -2.633672 -4.292211 -1.223383 
3 C -3.534415 -3.535832 -2.176312 
4 C -4.098749 -4.481597 -3.063517 
5 C -3.341109 -5.667211 -3.005286 
6 C -2.266779 -5.481237 -2.093356 
7 H -3.223224 -4.633612 -0.331932 
8 C -1.794562 -3.152457 -3.448472 
9 H -3.89575 -2.518819 -2.002712 
10 H -4.927223 -4.289133 -3.744901 
11 H -0.200142 -4.416409 -2.704397 
12 H -2.434692 -2.840184 -4.27713 
13 H -3.492168 -6.54868 -3.628321 
14 C -1.105232 -4.343047 -3.333095 
15 H -1.581955 -6.259743 -1.757295 
16 H -1.136238 -5.051084 -4.179367 
17 I -1.09043 -1.332845 -2.592229 
18 C 0.70444 -2.237173 -2.108045 
19 O -2.934549 -0.754488 -3.145452 
20 C 3.196724 -3.290885 -1.385437 
21 C 0.916703 -2.727693 -0.821308 
A142 
 
22 C 1.7478 -2.276638 -3.030689 
23 C 2.991445 -2.800967 -2.675002 
24 C 2.157293 -3.253326 -0.456492 
25 H 0.109507 -2.696884 -0.073032 
26 H 1.603768 -1.889582 -4.051131 
27 H 3.809779 -2.825087 -3.409036 
28 H 2.316687 -3.633847 0.562725 
29 H 4.175927 -3.702586 -1.10117 
30 H -2.899564 -0.236005 -3.936001 
Energy: 152.19 kcal/mol 
 
Calculated AM1 energy and XYZ coordinates for the transition state of dienophile 67 + cyclopentadiene (51) (TS) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H 1.183561 -3.157399 -1.220462 
2 C 2.122666 -2.581238 -1.042365 
3 C 2.33892 -1.417 -1.978086 
4 C 3.026888 -0.412218 -1.273927 
5 C 2.94879 -0.691504 0.108151 
6 C 2.166982 -1.864586 0.297393 
7 H 2.984794 -3.296521 -1.12166 
8 C 0.31125 -0.632397 -1.264108 
9 H 2.197391 -1.478375 -3.057022 
10 H 3.475626 0.478776 -1.713736 
11 N -0.490181 -1.36356 -2.246573 
12 H 0.547861 0.388401 -1.605742 
13 H 3.341069 -0.059255 0.905107 
14 C 0.372259 -1.017631 0.081761 
15 H 2.0707 -2.403974 1.241804 
16 H 0.519704 -0.22428 0.833012 
17 H -0.203132 -1.895409 0.426063 
18 O -0.942241 -2.450318 -1.975508 
19 O -0.673218 -0.863453 -3.328887 
Energy: 78.24 kcal/mol 
 
 
Appendix A.3.2: Details of the Calculations for the Diels-Alder Cycloaddition of Various Dienophiles to Cyclopentadiene (51) and 




All calculations were performed using density functional theory at the B3LYP/6-31G* level, employing the programs in Spartan. 
Complete vibrational analyses were performed to confirm that all starting materials have no imaginary frequencies and that all 
transition states have one imaginary frequency. 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for cyclopentadiene (51) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H 0 0.87797 -1.790226 
2 C 0 0 -1.125568 
3 C 1.181505 0 -0.189858 
4 C 0.734969 0 1.082842 
5 C -0.734969 0 1.082842 
6 C -1.181505 0 -0.189858 
7 H 0 -0.87797 -1.790226 
8 H 2.214427 0 -0.518887 
9 H -2.214427 0 -0.518887 
10 H -1.347318 0 1.978912 
11 H 1.347318 0 1.978912 
 
Energy:  -194.101001 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for perylene (1) 
 Coordinates (Angstroms) 
ATOM X                       Y                      Z 
H        -0.977746      -0.000093       3.388386 
C       -1.479200      -0.000088       2.427388 
C        -0.738079      -0.000001       1.249709 
C        -3.575471      -0.000197       1.232682 
C       -1.439589       0.000018      -0.000055 
C        -2.885551      -0.000252       2.422686 
C        -2.874600       0.000034       0.000040 
C        -0.738254       0.000004      -1.250037 
H        -3.420267      -0.000377       3.368649 
H        -4.662466       0.000369      -1.217143 
H        -4.662549      -0.000282       1.218141 
C        -1.479492       0.000029      -2.427840 
H       -0.977658      -0.000051      -3.388851 
C        -2.885948       0.000221      -2.422849 
H        -3.420652       0.000286      -3.368814 
C        -3.575474       0.000251      -1.232546 
H         0.977658       0.000051      -3.388851 
C         1.479492      -0.000029      -2.427840 
C         0.738254      -0.000004      -1.250037 
C         3.575474      -0.000251      -1.232546 
C         1.439589      -0.000018      -0.000055 
C         2.885948      -0.000221      -2.422849 
C         2.874600      -0.000034       0.000040 
C        0.738079       0.000001       1.249709 
H         3.420652      -0.000286      -3.368814 
H         4.662549       0.000282       1.218141 
H         4.662466      -0.000369      -1.217143 
C         1.479200      0.000088       2.427388 
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H         0.977746       0.000093       3.388386 
C         2.885551       0.000252       2.422686 
H         3.420267       0.000377       3.368649 
C         3.575471       0.000197       1.232682 
 
Energy:  -769.4063188 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for nitroethylene (67)  
 Coordinates (Angstroms) 
ATOM X                       Y                      Z 
C         1.222199      -0.140229       0.000000 
C         0.068341       0.515357       0.000000 
N        -1.207427      -0.205768       0.000000 
H        -0.074669       1.587559       0.000000 
H         2.161058       0.403037       0.000000 
H         1.243658      -1.224399       0.000000 
O        -1.195928      -1.435135       0.000000 
O        -2.217232       0.499578       0.000000 
 
Energy: -283.08789 hartrees 
 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for phenylvinyl sulfoxide (54) 
 Coordinates (Angstroms) 
ATOM X                       Y                      Z 
H       -0.155586      -2.079275       0.073548 
C        -0.741365      -1.164548       0.066882 
C        -2.200235       1.225564       0.132979 
C        -0.190767      -0.006701       0.611282 
C        -2.033448      -1.117403      -0.457669 
C        -2.759871       0.075960      -0.429496 
C        -0.910754       1.186841       0.666776 
S         1.484548      -0.102952       1.339840 
H        -2.475344      -2.012907      -0.886478 
H        -3.766551       0.108139      -0.837036 
H        -0.479201       2.074004       1.125040 
H        -2.770706       2.149726       0.166650 
C         2.362365       0.597252      -0.084262 
O         1.866743      -1.565364       1.416930 
C         3.297212      -0.124818      -0.691262 
H         2.103545       1.624886      -0.327830 
H         3.876357       0.275778      -1.518358 
H         3.493058      -1.144182     -0.367536 
 
Energy: -782.998451 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the transition state of cyclopentadiene (51) + 
nitroethylene (67) (TS) 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H -0.528103 0.08133 1.757807 
2 C 0.438103 -0.2118 1.344215 
3 C 0.406968 -1.355692 0.376131 
4 C 1.438787 -1.184134 -0.537511 
5 C 1.930477 0.128632 -0.42685 
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6 C 1.152874 0.835074 0.512612 
7 H 1.096807 -0.486352 2.185598 
8 C -1.183547 0.155956 -0.875048 
9 H -0.161603 -2.26622 0.528402 
10 H 1.751333 -1.911111 -1.279509 
11 N -2.339424 -0.198697 -0.106491 
12 H -1.115676 -0.416561 -1.786736 
13 H 2.689589 0.567958 -1.066153 
14 C -0.492001 1.338068 -0.617077 
15 H 1.455435 1.793591 0.924675 
16 H 0.018727 1.812683 -1.446808 
17 H -0.931097 2.015569 0.108214 
18 O -2.590953 0.430429 0.937705 
19 O -3.036697 -1.128721 -0.533176 
 
Energy:  -477.16874 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the transition state of cyclopentadiene (51) + phenylvinyl 
sulfoxide (54) (TS) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H 2.132956 -1.727557 0.876926 
2 C 2.876293 -0.903213 0.742709 
3 C 3.178379 -0.576927 -0.711403 
4 C 3.489556 0.811026 -0.763219 
5 C 2.995822 1.431854 0.401953 
6 C 2.396701 0.449713 1.217766 
7 H 3.81948 -1.188309 1.278324 
8 C 1.256121 -0.45021 -1.215227 
9 H 3.567914 -1.328979 -1.399752 
10 H 3.944409 1.323436 -1.610468 
11 H 1.100424 -1.542033 -1.301828 
12 H 1.418978 0.071539 -2.172599 
13 H 2.99709 2.503849 0.596183 
14 C 0.642837 0.224084 -0.158752 
15 H 1.935764 0.611325 2.191024 
16 H 0.519918 1.314011 -0.263419 
17 S -0.312521 -0.465249 1.057529 
18 C -1.90074 -0.171122 0.47097 
19 O -0.114302 -1.951197 0.98851 
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20 C -4.547669 0.338903 -0.293149 
21 C -2.363448 1.142395 0.348149 
22 C -2.776069 -1.225764 0.197934 
23 C -4.095096 -0.974977 -0.178336 
24 C -3.679172 1.399615 -0.030507 
25 H -1.681414 1.983813 0.548926 
26 H -2.406756 -2.26356 0.284416 
27 H -4.775498 -1.813469 -0.387068 
28 H -4.032877 2.436594 -0.123542 
29 H -5.587082 0.540408 -0.592051 
 
Energy: -977.069497 hartrees 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the transition state of perylene (1) + nitroethylene (67) 
(TS) 
 Coordinates (Angstroms) 
ATOM X                       Y                      Z 
H         1.576361       3.379330      -1.042623 
C         1.401395       1.689935       0.442878 
C         0.937492       2.503955      -1.141930 
C        -1.446301       1.557449       0.734419 
C        -0.703541       0.371970       0.540743 
C         0.719557       0.408749       0.475147 
H        -3.399537       2.483119       0.799916 
H         0.975365       2.473657       1.069947 
H        -0.964864       2.437654       1.139492 
H        -4.616787       0.371099       0.352562 
H        -1.148748       2.332611      -1.901237 
C        -3.531138       0.382367       0.410726 
C        -1.400935      -0.859532       0.296634 
C        -0.443707       2.821818      -1.247300 
C        -2.829706      -0.852800       0.241542 
C        -0.687794      -2.077879       0.103515 
C         3.607907      -1.951461       0.096997 
C         0.777000      -2.055570       0.132118 
C         1.452703      -0.802366       0.274930 
C         1.550820      -3.217688       0.000247 
C        -3.519141      -2.058110       0.008170 
C         2.884899      -0.761748       0.242200 
C         3.557290       0.507464       0.374661 
H         4.694003      -1.913944       0.077040 
C         2.863750       1.661257       0.492593 
H         4.644553       0.509391       0.390241 
C        -2.862130       1.550854       0.659322 
H         3.384619       2.610147       0.593984 
H        -4.605202      -2.046862      -0.035224 
C        -2.819442      -3.241215      -0.169273 
H         3.510364      -4.089006      -0.119723 
C        -1.423053      -3.249456      -0.124588 
H        -0.910622      -4.191702      -0.283314 
H         1.292922       1.798875      -1.890435 
C         2.943406      -3.168043      -0.015549 
H        -3.354130      -4.169154      -0.351379 
H         1.069146      -4.184255      -0.093112 
N        -0.921814       4.020053      -0.685401 
O        -0.192226       4.611443       0.146449 




Energy: -1052.46091 hartrees 
 
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for the transition state of perylene (1) +phenylvinyl sulfoxide 
(54) (TS) 
 Coordinates (Angstroms) 
ATOM X                       Y                      Z 
H        -2.227894      -0.968028       0.981564 
C        -0.854002      -1.599456      -0.782221 
C        -1.240179     -0.542906       0.813607 
C        -0.447224       1.063590      -1.644433 
C         0.663297       0.177821      -1.559782 
C         0.463939      -1.169814      -1.174095 
H        -1.090085       3.095749      -2.079620 
H        -1.697169      -1.164936      -1.312869 
H        -1.429904       0.661214      -1.862505 
H         1.194088       3.978863      -2.364605 
H        -0.401121       1.486008      0.900984 
C         1.032829       2.930690     -2.123092 
C         1.995984       0.689889      -1.720058 
C        -1.204572       0.845251       0.554247 
C         2.182467       2.075959      -2.017472 
C         3.128284      -0.168009      -1.586253 
C         2.467682      -4.245951      -0.404199 
C         2.919315      -1.571195      -1.219338 
C         1.589604      -2.035591      -0.981025 
C         3.979283      -2.477838      -1.058195 
C         3.482310      2.574942      -2.201845 
C         1.373460      -3.385057      -0.556467 
C         0.026723      -3.834414      -0.301779 
H         2.296279      -5.271267      -0.085411 
C        -1.031741     -2.999889      -0.429937 
H        -0.118663      -4.874711      -0.019281 
C        -0.229373       2.443995      -1.959670 
H        -2.041852      -3.357827      -0.246390 
H         3.618608       3.629363      -2.429541 
C         4.579227       1.730342      -2.093768 
C         4.404415       0.380952      -1.787089 
C         3.758292      -3.794597      -0.660316 
H        -0.472150      -0.942819       1.470113 
S        -2.769792       1.698850       0.266264 
O        -3.634970       0.718284      -0.518569 
C        -3.431854       1.695835       1.972390 
C        -4.524124       1.731708       4.525474 
C        -2.885665       2.542792       2.939298 
C        -4.527232       0.883552       2.257214 
C        -5.070336       0.901899       3.544286 
C        -3.432573       2.552065       4.222393 
H        -2.040644       3.184503       2.698240 
H        -4.936991       0.260627       1.467251 
H        -5.924911       0.272022      3.778686 
H        -3.011201       3.202865       4.984073 
H        -4.951445       1.746158      5.524563 
H         4.602910      -4.468442      -0.545028 
H         4.999912      -2.158984      -1.237999 
H         5.285903      -0.244103      -1.696620 
H         5.582808       2.120046      -2.241172 
 





Appendix A.4: Molecules Presented in Chapter 5 
 
Details of the calculations for the Diels-Alder cycloadditions  in Figure 5.1 and X,Y,Z coordinates of all starting materials and 
transition states (TS) that have not been covered elsewhere in the Appendix 
 
All calculations were performed using density functional theory at B3LYP/6-31G* level, employing the programs in Spartan.1 
Complete vibrational analyses were performed to confirm that all starting materials have no imaginary frequencies and that all 
transition states have one imaginary frequency. The results were not zero point energy corrected.   
 
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for transition state of cyclopentadiene (51) + acetylene (TS) 
 
Coordinates (Angstroms) 
Atom X Y  Z 
1 H -0.735075 1.866334 0 
2 C 0.184408 1.281721 0 
3 C 0.363461 0.324614 1.155759 
4 C 1.183599 -0.708084 0.704199 
5 C 1.183599 -0.708084 -0.704199 
6 C 0.363461 0.324614 -1.155759 
7 H 1.039479 1.98081 0 
8 C -1.645568 -0.582023 0.619713 
9 H 0.266219 0.623856 2.19481 
10 H 1.637549 -1.470341 1.329109 
11 H -2.049666 -0.752454 -1.596413 
12 H -2.049666 -0.752454 1.596413 
13 H 1.637549 -1.470341 -1.329109 
14 C -1.645568 -0.582023 -0.619713 
15 H 0.266219 0.623856 -2.19481 
 
Energy:  -271.392714 hartrees 
 




Atom X Y  Z 
1 H -3.370562 -0.79121 1.247806 
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2 C -1.987746 -1.405513 -0.559548 
3 C -2.389908 -0.341285 1.109441 
4 C -1.591285 1.298094 -1.394485 
5 C -0.485883 0.412761 -1.303729 
6 C -0.679492 -0.948553 -0.933857 
7 H -2.23577 3.334365 -1.798282 
8 H -2.845043 -0.955794 -1.050895 
9 H -2.579574 0.90058 -1.59164 
10 H 0.045907 4.228458 -2.071367 
11 H -1.552142 1.684629 1.185529 
12 C -0.113191 3.176952 -1.843931 
13 C 0.842034 0.924465 -1.456191 
14 C -2.363854 1.040498 0.866435 
15 C 1.038518 2.321506 -1.746853 
16 C 1.96059 0.068856 -1.323758 
17 C 1.355324 -4.006708 -0.235675 
18 C 1.763009 -1.313443 -0.979762 
19 C 0.45163 -1.800738 -0.75756 
20 C 2.887108 -2.179094 -0.839758 
21 C 2.326955 2.804483 -1.9232 
22 C 0.258513 -3.17386 -0.359987 
23 C -1.084657 -3.638677 -0.107587 
24 H 1.208157 -5.044711 0.055334 
25 C -2.149214 -2.808471 -0.218806 
26 H -1.221334 -4.683927 0.160191 
27 C -1.373567 2.682974 -1.687645 
28 H -3.155298 -3.178213 -0.036904 
29 H 2.47656 3.859323 -2.143812 
30 C 3.458745 1.964547 -1.824219 
31 H 3.618442 -5.452693 -0.074837 
32 C 3.279531 0.574692 -1.514012 
33 C 3.786851 -4.414172 -0.348653 
34 C 4.420972 -0.281616 -1.395335 
35 H 5.916895 -4.608231 -0.478803 
36 C 2.674097 -3.549463 -0.473627 
37 C 5.685888 0.270881 -1.599451 
38 C 4.219053 -1.698323 -1.054299 
39 H 6.297297 -2.268608 -1.078527 
40 C 5.276851 -2.598339 -0.918499 
41 C 5.858125 1.630147 -1.908218 
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42 H 6.571433 -0.349508 -1.517427 
43 C 4.768619 2.467879 -2.017168 
44 H 6.862188 2.017815 -2.057859 
45 C 5.063727 -3.941844 -0.572729 
46 H 4.89848 3.521557 -2.251065 
47 H -1.606381 -0.76045 1.733818 
48 S -3.922436 1.891343 0.542938 
49 O -4.785734 0.89559 -0.224519 
50 C -4.60015 1.938203 2.242194 
51 C -5.722999 2.066124 4.778381 
52 C -4.049451 2.800483 3.192745 
53 C -5.713905 1.154852 2.534608 
54 C -6.272687 1.2199 3.81339 
55 C -4.611779 2.855946 4.467773 
56 H -3.189011 3.418183 2.945349 
57 H -6.125806 0.517629 1.757293 
58 H -7.142511 0.61361 4.053752 
59 H -4.187076 3.518957 5.216857 
60 H -6.163048 2.117161 5.770641 
 
Energy:  -1358.563436 hartrees 
 




Atom X Y  Z 
1 H -4.6288 -1.447778 1.536821 
2 C -3.069542 -1.423172 -0.20881 
3 C -3.691143 -0.89657 1.566912 
4 C -2.990237 1.444117 -0.562288 
5 C -1.797874 0.693982 -0.519775 
6 C -1.818753 -0.732259 -0.401446 
7 H -3.902258 3.409309 -0.561325 
8 H -3.932765 -1.00183 -0.718259 
9 H -3.930287 0.956926 -0.782849 
10 H -1.75157 4.618264 -0.456955 
11 C -1.774236 3.531956 -0.48017 
12 C -0.545113 1.386037 -0.480235 
13 C -3.821524 0.493357 1.738881 
14 C -0.529628 2.823685 -0.478641 
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15 C 0.670558 0.669069 -0.434207 
16 C 0.584222 -3.586216 -0.207768 
17 C 0.649156 -0.766921 -0.375463 
18 C -0.592373 -1.45081 -0.329143 
19 C 1.873612 -1.495087 -0.341609 
20 C 0.68923 3.492148 -0.466097 
21 C -0.609316 -2.891399 -0.23116 
22 C -1.882769 -3.570246 -0.18311 
23 H 0.569906 -4.671892 -0.141919 
24 C -3.046088 -2.881341 -0.20257 
25 H -1.881026 -4.657114 -0.149754 
26 C -2.965303 2.8615 -0.536925 
27 H -3.997045 -3.408126 -0.177391 
28 H 0.700896 4.579681 -0.459842 
29 C 1.917092 2.798786 -0.455094 
30 H 3.014295 -4.737441 -0.197474 
31 C 1.914347 1.363485 -0.435104 
32 C 3.049818 -3.652413 -0.25178 
33 C 3.155326 0.651673 -0.412376 
34 H 5.189206 -3.547601 -0.29745 
35 C 1.836032 -2.926958 -0.266885 
36 C 4.339878 1.388791 -0.414873 
37 C 3.135347 -0.817894 -0.376578 
38 H 5.271251 -1.10625 -0.399261 
39 C 4.299726 -1.586442 -0.364954 
40 C 4.340501 2.793664 -0.437256 
41 H 5.297314 0.880478 -0.392833 
42 C 3.153116 3.492545 -0.455398 
43 H 5.28825 3.324689 -0.435669 
44 C 4.257917 -2.987941 -0.305573 
45 H 3.146663 4.579327 -0.46742 
46 H -4.736611 1.053434 1.614988 
47 H -2.909994 -1.366094 2.156013 
48 N -2.79624 1.233397 2.374809 
49 O -1.703419 0.672557 2.592063 
50 O -3.039744 2.416937 2.673202 
 
Energy:  -1858.464218 hartrees 
 
 




Details of the calculations for the HOMO of dimesitylbisanthene (10), bisanthene (2), anthracene (46), pentacene (91), perylene (1), 
and dibenzoperylene (98) in Figure 6.3 and X,Y,Z coordinates of all starting materials 
 
All calculations were performed using density functional theory at the B3LYP/6-31G* level, employing the programs in Spartan7.  
 
Calculated DFT (B3LYP/6-31G*) energy, and X,Y,Z-coordinates, and HOMO  for dimesitylbisanthene (10) 
 
Atom        X      Y  Z  
H        -3.415201     -4.585131      0.258557 
C        -2.879984     -3.641794      0.201907 
H        -4.656325     -2.453742      0.137862 
C        -3.572694     -2.459434      0.134699 
C        -0.735752     -2.471826      0.128556 
C        -2.880263     -1.214769      0.059044 
C        -1.472631     -3.647744      0.199189 
C        -1.437486     -1.219295      0.055294 
C        -3.588981      0.005360     -0.010751 
H       -0.969449     -4.605421      0.254776 
C         1.437561      1.229083     -0.092580 
C         0.735729     -2.471843      0.128367 
C        -2.880408      1.224954     -0.088694 
C        -5.089161      0.004368      0.002146 
C        -3.572961      2.469543     -0.164117 
C        -1.437553      1.229085     -0.092739 
C         1.472847      3.657119     -0.242300 
C        -0.726776      0.004897     -0.019134 
C        -2.880235      3.651407     -0.239812 
H        -4.656652      2.464042     -0.161225 
H        -3.415454      4.594667     -0.297718 
C        -1.472819      3.657088     -0.243001 
H       -0.969730      4.614539     -0.303335 
C        -0.735781      2.481342     -0.170812 
C         1.472600     -3.647796      0.198530 
C         1.437473     -1.219313      0.055191 
C         2.880252     -1.214808      0.058836 
C         0.726774      0.004892     -0.019119 
C         0.735799      2.481349     -0.170598 
C         5.089164      0.004338      0.002254 
H         3.415163     -4.585235      0.257318 
H         0.969410     -4.605484      0.253858 
C         2.880417      1.224949     -0.088372 
C         3.572674     -2.459502      0.134092 
H        0.969767      4.614589     -0.302405 
C         2.880262      3.651443     -0.238849 
C         3.572981      2.469559     -0.163378 
H         3.415490      4.594722     -0.296374 
H         4.656673      2.464061     -0.160313 
C         3.588983      0.005332     -0.010677 
C         2.879953     -3.641871      0.201038 
H         4.656308     -2.453825      0.137122 
C         7.915295     -0.003300      0.030605 
C         5.785205      0.087488      1.227185 
C         5.808988     -0.078652     -1.208811 
C         7.207228     -0.079596     -1.171854 
C         7.183870      0.083390      1.218127 
C         5.040390      0.183396      2.539349 
C         5.089542     -0.162930     -2.535862 
H         7.756115     -0.140740     -2.109197 
H         7.714223      0.150603      2.165644 
C         9.425142     -0.040810      0.047982 
C        -7.915289     -0.003392      0.030426 
C        -5.808954     -0.079407     -1.208891 
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C        -5.785230      0.088262      1.226997 
C        -7.183903      0.084086      1.217904 
C        -7.207185     -0.080392     -1.171976 
C        -5.089471     -0.164503     -2.535871 
C       -5.040468      0.185042      2.539126 
H        -7.714289      0.151852      2.165362 
H        -7.756042     -0.142137     -2.109298 
C        -9.425133     -0.041003      0.047760 
H         4.446085     -1.047792     -2.587429 
H         5.801967     -0.214538     -3.363425 
H         4.444016      0.706847     -2.698287 
H         5.736868      0.235926      3.380311 
H         4.387564     -0.682361      2.693865 
H         4.400462      1.071615      2.573620 
H         9.829572      0.503938      0.906368 
H         9.847258      0.397449     -0.861425 
H         9.796093     -1.071457      0.113584 
H        -4.400797      1.073461      2.572968 
H        -4.387401     -0.680448      2.694093 
H        -5.736979      0.237803      3.380047 
H        -5.801876     -0.216330     -3.363438 
H        -4.446244     -1.049560     -2.586990 
H        -4.443714      0.705024     -2.698683 
H        -9.847284      0.398119     -0.861220 
H        -9.829586      0.502883      0.906675 
H        -9.796024     -1.071737      0.112326 
 
Energy: -1773.55889 hartrees 
HOMO: -99.7 kcal/mol 
 
Calculated DFT (B3LYP/6-31G*) energy, and X,Y,Z-coordinates, and HOMO  for bisanthene (2) 
 
Atom        X      Y  Z 
H         4.590506      3.431451      0.000000 
C         3.646345      2.893675      0.000000 
H         2.438215      4.665513      0.000000 
C         2.457833      3.578759      0.000000 
C         2.486819      0.735957      0.000000 
C         1.221996      2.871982      0.000000 
C         3.658383      1.483189      0.000000 
C         1.229805      1.431546      0.000000 
C         0.000000      3.552217      0.000000 
H         4.621766      0.986144      0.000000 
H         4.621766     -0.986144      0.000000 
C         2.486819     -0.735957      0.000000 
C        -1.221996      2.871982      0.000000 
H         0.000000      4.639896      0.000000 
C        -2.457833      3.578759      0.000000 
C        -1.229805      1.431546      0.000000 
H         4.590506     -3.431451      0.000000 
C         0.000000      0.725819      0.000000 
C        -3.646345      2.893675      0.000000 
H        -2.438215      4.665513      0.000000 
H        -4.590506      3.431451      0.000000 
C        -3.658383      1.483189      0.000000 
H        -4.621766      0.986144      0.000000 
C        -2.486819      0.735957      0.000000 
C         1.229805     -1.431546      0.000000 
H         0.000000     -4.639896      0.000000 
C         0.000000     -0.725819      0.000000 
C         2.457833     -3.578759      0.000000 
C         1.221996     -2.871982      0.000000 
C        -1.229805     -1.431546      0.000000 
A154 
 
C        -2.486819     -0.735957      0.000000 
H         2.438215     -4.665513      0.000000 
C         3.658383     -1.483189      0.000000 
C        -3.658383     -1.483189      0.000000 
H        -4.621766     -0.986144      0.000000 
C        -3.646345     -2.893675      0.000000 
H        -4.590506     -3.431451      0.000000 
C        -2.457833     -3.578759      0.000000 
H        -2.438215     -4.665513      0.000000 
C        -1.221996     -2.871982      0.000000 
C         0.000000     -3.552217      0.000000 
C         3.646345     -2.893675      0.000000 
 
Energy: -1075.50298 hartrees 
HOMO: -101.2 kcal/mol 
 
 
Calculated DFT (B3LYP/6-31G*) energy, and X,Y,Z-coordinates, and HOMO  for anthracene (46) 
 
Atom        X      Y  Z 
H         4.607305     -1.246812     -0.000065 
C         3.660756     -0.713066     -0.000024 
H         2.476950     -2.494545     -0.000076 
C         2.479489     -1.406953     -0.000036 
C         2.479489      1.406953      0.000036 
C         1.223858     -0.722504     -0.000005 
C         3.660756      0.713066      0.000024 
C        1.223858      0.722504      0.000005 
C        0.000000     -1.403376      0.000000 
H         4.607305      1.246812      0.000065 
H         0.000000      2.491749      0.000000 
H         2.476950      2.494545      0.000076 
C        -1.223858     -0.722504      0.000005 
H         0.000000     -2.491749      0.000000 
C        -2.479489     -1.406953      0.000036 
C        -1.223858      0.722504     -0.000005 
H        -2.476950      2.494545     -0.000076 
C         0.000000      1.403376      0.000000 
C        -3.660756     -0.713066      0.000024 
H        -2.476950     -2.494545      0.000076 
H        -4.607305     -1.246812      0.000065 
C        -3.660756      0.713066     -0.000024 
H        -4.607305      1.246812     -0.000065 
C       -2.479489      1.406953     -0.000036 
 
Energy: -539.530602 hartrees 
HOMO: -120.5 kcal/mol 
 
Calculated DFT (B3LYP/6-31G*) energy, and X,Y,Z-coordinates, and HOMO  for pentacene (91) 
  
Atom        X      Y  Z 
C         1.226428      0.728468      0.000000 
H         0.000000      2.496642      0.000000 
C         0.000000      1.408538      0.000000 
C         0.000000     -1.408538      0.000000 
C        -1.226428      0.728468      0.000000 
C         1.226428     -0.728468      0.000000 
C        1.226428     -0.728468      0.000000 
C       -2.467524      1.407808      0.000000 
H        -2.467565     -2.496017      0.000000 
H         0.000000     -2.496642      0.000000 
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C        -3.678625      0.727524      0.000000 
H        -2.467565      2.496017      0.000000 
C        -4.941841      1.410316      0.000000 
C        -3.678625     -0.727524      0.000000 
H        -4.939888     -2.497869      0.000000 
C        -2.467524     -1.407808      0.000000 
C        -6.118158      0.716451      0.000000 
H        -4.939888      2.497869      0.000000 
H        -7.066076      1.247684      0.000000 
C        -6.118158     -0.716451      0.000000 
H        -7.066076     -1.247684      0.000000 
C        -4.941841     -1.410316      0.000000 
C         2.467524      1.407808      0.000000 
H         2.467565      2.496017      0.000000 
C        3.678625      0.727524      0.000000 
C         6.118158     -0.716451      0.000000 
C         4.941841      1.410316      0.000000 
C         3.678625     -0.727524      0.000000 
C         4.941841     -1.410316      0.000000 
C         6.118158      0.716451      0.000000 
H         4.939888      2.497869      0.000000 
H         4.939888     -2.497869      0.000000 
H         7.066076      1.247684      0.000000 
H         7.066076     -1.247684      0.000000 
C         2.467524     -1.407808      0.000000 
H         2.467565     -2.496017      0.000000 
 
Energy: -846.800071 hartrees 
HOMO: -106.0 kcal/mol 
 
Calculated DFT (B3LYP/6-31G*) energy, and X,Y,Z-coordinates, and HOMO  for perylene (1) 
 
Atom        X      Y  Z 
H        -0.977422     -3.388593      0.000000 
C        -1.479371     -2.427691      0.000000 
C        -0.738102     -1.249911      0.000000 
C        -3.575245     -1.232475      0.000000 
C        -1.439318      0.000000      0.000000 
C        -2.885847     -2.422744      0.000000 
C        -2.874209      0.000000      0.000000 
C        -0.738102      1.249911      0.000000 
H        -3.421349     -3.368346      0.000000 
H        -4.662323      1.217610      0.000000 
H        -4.662323     -1.217610      0.000000 
C        -1.479371      2.427691      0.000000 
H        -0.977422      3.388593      0.000000 
C        -2.885847      2.422744      0.000000 
H        -3.421349      3.368346      0.000000 
C        -3.575245      1.232475      0.000000 
H         0.977422      3.388593      0.000000 
C        1.479371      2.427691      0.000000 
C         0.738102      1.249911      0.000000 
C         3.575245      1.232475      0.000000 
C         1.439318      0.000000      0.000000 
C         2.885847      2.422744      0.000000 
C         2.874209      0.000000      0.000000 
C         0.738102     -1.249911      0.000000 
H         3.421349      3.368346      0.000000 
H         4.662323     -1.217610      0.000000 
H         4.662323      1.217610      0.000000 
C         1.479371     -2.427691      0.000000 
H         0.977422     -3.388593      0.000000 
C         2.885847     -2.422744      0.000000 
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H         3.421349     -3.368346      0.000000 
C         3.575245     -1.232475      0.000000 
 
Energy: -769.406317 hartrees 
HOMO: -114.2 kcal/mol 
 
Calculated DFT (B3LYP/6-31G*) energy, and X,Y,Z-coordinates, and HOMO  for dibenzoperylene (98) 
  
Atom        X      Y  Z 
H        -0.952277      0.000000      4.211724 
C        -1.463244      0.000000      3.256809 
C        -0.739827      0.000000      2.063701 
C        -3.561279      0.000000      2.073717 
C        -1.456302      0.000000      0.828467 
C        -2.859927      0.000000      3.262680 
C        -2.887710      0.000000      0.834068 
C        -0.739501      0.000000     -0.429631 
H       -3.393229      0.000000      4.209403 
C        -1.463404      0.000000     -1.598402 
H        -0.958982      0.000000     -2.558472 
C        -2.885231      0.000000     -1.637817 
C        -3.571613      0.000000     -2.877829 
C        -3.622941      0.000000     -0.421767 
C        -4.949776      0.000000     -2.925795 
H        -2.987614      0.000000     -3.795417 
H        -5.466096      0.000000     -3.881823 
C        -5.685722      0.000000     -1.724667 
H        -6.771923      0.000000     -1.754669 
C        -5.034990      0.000000     -0.504241 
H         0.952277      0.000000      4.211724 
C         1.463244      0.000000      3.256809 
C         0.739827      0.000000      2.063701 
C         3.561279      0.000000      2.073717 
C         1.456302      0.000000      0.828467 
C         2.859927      0.000000      3.262680 
C         2.887710      0.000000      0.834068 
C         0.739501      0.000000     -0.429631 
H         3.393229      0.000000      4.209403 
C         1.463404      0.000000     -1.598402 
H         0.958982      0.000000     -2.558472 
C         2.885231      0.000000     -1.637817 
C         3.571613      0.000000     -2.877829 
C         3.622941      0.000000     -0.421767 
C         4.949776      0.000000     -2.925795 
H         2.987614      0.000000     -3.795417 
H         5.466096      0.000000     -3.881823 
C         5.685722      0.000000     -1.724667 
H         6.771923      0.000000     -1.754669 
C         5.034990      0.000000     -0.504241 
H        -4.644456      0.000000      2.104577 
H        -5.634789      0.000000      0.399030 
H         4.644456      0.000000      2.104577 
H         5.634789      0.000000      0.399030 
 
Energy: -1076.69551 hartrees 
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Appendix B: Crystal Structure Refinement Data  
 
Appendix B.1: Crystal Structure Data for Molecules in Chapter 2 
 
































































Table 1.  Crystal data and structure refinement for sad. 
Identification code  C46H38 
Empirical formula  C46 H38 
Formula weight  590.76 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 1 21/c 1 
Unit cell dimensions a = 14.0380(17) Å α= 90°. 
 b = 8.7029(11) Å β= 93.704(2)°. 
 c = 27.299(3) Å γ = 90°. 
Volume 3328.2(7) Å3 
Z 4 
Density (calculated) 1.179 Mg/m3 
Absorption coefficient 0.066 mm-1 
F(000) 1256 
Crystal size 0.17 x 0.04 x 0.03 mm3 
Theta range for data collection 2.15 to 26.00°. 
Index ranges -17<=h<=17, -10<=k<=10, -33<=l<=33 
Reflections collected 33612 
Independent reflections 6552 [R(int) = 0.0594] 
Completeness to theta = 26.00° 99.9 %  
Absorption correction Semi-empirical from equiv. 
Max. and min. transmission 0.9980 and 0.9888 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6552 / 495 / 529 
Goodness-of-fit on F2 1.020 
Final R indices [I>2sigma(I)] R1 = 0.0554, wR2 = 0.1231 
R indices (all data) R1 = 0.0856, wR2 = 0.1373 
Extinction coefficient na 
B3 
 
Largest diff. peak and hole 0.576 and -0.161 e.Å-3 
 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for sad.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
C(1) 4927(1) 4474(3) 2920(1) 32(1) 
C(2) 4728(2) 5870(3) 3134(1) 33(1) 
C(3) 3830(1) 6220(2) 3286(1) 31(1) 
C(4) 3094(1) 5123(2) 3222(1) 27(1) 
C(5) 3286(1) 3687(2) 3024(1) 31(1) 
C(6) 4205(2) 3385(3) 2876(1) 33(1) 
C(7) 5895(2) 4164(3) 2728(1) 44(1) 
C(8) 3645(2) 7763(3) 3518(1) 42(1) 
C(9) 2522(2) 2476(3) 2965(1) 45(1) 
C(10) 2114(1) 5562(2) 3361(1) 26(1) 
C(11) 1876(1) 5478(2) 3853(1) 25(1) 
C(12) 2515(1) 4813(2) 4222(1) 30(1) 
C(13) 2305(2) 4767(2) 4699(1) 32(1) 
C(14) 1443(1) 5400(2) 4844(1) 29(1) 
C(15) 809(1) 6059(2) 4508(1) 26(1) 
C(16) 994(1) 6117(2) 3998(1) 23(1) 
C(17) 354(1) 6801(2) 3644(1) 24(1) 
C(18) 569(1) 6827(2) 3147(1) 25(1) 
C(19) -55(2) 7526(2) 2776(1) 31(1) 
C(20) 165(2) 7552(3) 2300(1) 35(1) 
C(21) 1022(2) 6893(3) 2157(1) 34(1) 
C(22) 1650(2) 6258(2) 2497(1) 30(1) 
C(23) 1455(1) 6193(2) 3004(1) 26(1) 
C(24) -512(1) 7619(2) 3805(1) 24(1) 
C(25) -428(1) 9180(2) 3939(1) 24(1) 
C(26) 445(1) 10006(2) 3898(1) 27(1) 
C(27) 529(1) 11499(2) 4037(1) 29(1) 
C(28) -250(1) 12264(2) 4230(1) 29(1) 
C(29) -1102(1) 11537(2) 4263(1) 27(1) 
C(30) -1230(1) 9971(2) 4116(1) 24(1) 
C(31) -2111(1) 9215(2) 4146(1) 24(1) 
C(32) -2194(1) 7658(2) 4013(1) 24(1) 
C(33) -3063(1) 6819(2) 4053(1) 27(1) 
C(34) -3141(2) 5320(2) 3925(1) 32(1) 
C(35) -2352(2) 4544(2) 3739(1) 33(1) 
C(36) -1512(1) 5282(2) 3694(1) 29(1) 
C(37) -1390(1) 6857(2) 3838(1) 23(1) 
C(38) -2963(1) 10080(2) 4305(1) 25(1) 
C(39) -3054(1) 10427(2) 4801(1) 30(1) 
C(40) -3839(2) 11276(3) 4933(1) 38(1) 
C(41) -4531(2) 11797(3) 4587(1) 38(1) 
C(42) -4438(1) 11428(2) 4099(1) 34(1) 
C(43) -3672(1) 10576(2) 3950(1) 27(1) 
C(44) -2318(2) 9903(3) 5191(1) 39(1) 
C(45) -5362(2) 12738(3) 4743(1) 57(1) 




Table 3.   Bond lengths [Å] and angles [°] 
 for sad. 
_____________________________________ 
C(1)-C(2)  1.385(3) 
C(1)-C(6)  1.388(3) 
C(1)-C(7)  1.510(3) 
C(2)-C(3)  1.386(3) 
C(2)-H(2)  0.988(15) 
C(3)-C(4)  1.409(3) 
C(3)-C(8)  1.515(3) 
C(4)-C(5)  1.396(3) 
C(4)-C(10)  1.500(3) 
C(5)-C(6)  1.401(3) 
C(5)-C(9)  1.505(3) 
C(6)-H(6)  1.001(15) 
C(7)-H(7A)  0.992(16) 
C(7)-H(7B)  1.023(16) 
C(7)-H(7C)  0.978(16) 
C(8)-H(8A)  1.022(16) 
C(8)-H(8B)  0.987(16) 
C(8)-H(8C)  0.999(16) 
C(9)-H(9A)  0.989(16) 
C(9)-H(9B)  1.004(16) 
C(9)-H(9C)  0.977(16) 
C(10)-C(11)  1.407(3) 
C(10)-C(23)  1.409(3) 
C(11)-C(12)  1.427(3) 
C(11)-C(16)  1.436(3) 
C(12)-C(13)  1.353(3) 
C(12)-H(12)  0.962(15) 
C(13)-C(14)  1.410(3) 
C(13)-H(13)  0.949(15) 
C(14)-C(15)  1.363(3) 
C(14)-H(14)  0.968(14) 
C(15)-C(16)  1.435(2) 
C(15)-H(15)  0.972(14) 
C(16)-C(17)  1.408(3) 
C(17)-C(18)  1.408(3) 
C(17)-C(24)  1.499(3) 
C(18)-C(19)  1.433(3) 
C(18)-C(23)  1.438(3) 
C(19)-C(20)  1.354(3) 
C(19)-H(19)  0.956(15) 
C(20)-C(21)  1.411(3) 
C(20)-H(20)  0.954(15) 
C(21)-C(22)  1.356(3) 
C(21)-H(21)  0.945(15) 
C(22)-C(23)  1.431(3) 
C(22)-H(22)  0.965(15) 
C(24)-C(37)  1.408(3) 
C(24)-C(25)  1.410(3) 
C(25)-C(30)  1.430(3) 
C(25)-C(26)  1.431(3) 
C(26)-C(27)  1.357(3) 
C(26)-H(26)  0.966(14) 
C(27)-C(28)  1.411(3) 
C(27)-H(27)  0.952(15) 
C(28)-C(29)  1.360(3) 
C(28)-H(28)  0.959(15) 
C(29)-C(30)  1.429(3) 
C(29)-H(29)  0.961(14) 
C(30)-C(31)  1.408(3) 
C(31)-C(32)  1.406(3) 
C(31)-C(38)  1.501(3) 
C(32)-C(33)  1.432(3) 
C(32)-C(37)  1.435(3) 
C(33)-C(34)  1.353(3) 
C(33)-H(33)  0.955(14) 
C(34)-C(35)  1.419(3) 
C(34)-H(34)  0.960(15) 
C(35)-C(36)  1.355(3) 
C(35)-H(35)  0.977(15) 
C(36)-C(37)  1.433(3) 
C(36)-H(36)  0.960(15) 
C(38)-C(39)  1.402(3) 
C(38)-C(43)  1.411(3) 
C(39)-C(40)  1.393(3) 
C(39)-C(44)  1.505(3) 
C(40)-C(41)  1.387(3) 
C(40)-H(40)  0.994(15) 
C(41)-C(42)  1.387(3) 
C(41)-C(45)  1.509(3) 
C(42)-C(43)  1.389(3) 
C(42)-H(42)  1.068(15) 
C(43)-C(46)  1.508(3) 
C(44)-H(44A)  1.005(16) 
C(44)-H(44B)  1.004(16) 
C(44)-H(44C)  0.996(16) 
C(45)-H(45A)  0.967(16) 
C(45)-H(45B)  0.982(16) 
C(45)-H(45C)  1.018(16) 
C(46)-H(46A)  0.972(15) 
C(46)-H(46B)  0.995(15) 



































































































































































Symmetry transformations used to generate 
 equivalent atoms:  
  
 
Table 4.   Anisotropic displacement parameters (Å2x 103)for sad.  The anisotropic 
displacement factor exponent takes the form: -2pi2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 26(1)  42(1) 29(1)  1(1) 2(1)  4(1) 
C(2) 25(1)  43(1) 31(1)  0(1) 2(1)  -2(1) 
C(3) 30(1)  37(1) 27(1)  -1(1) 3(1)  1(1) 
C(4) 25(1)  36(1) 21(1)  2(1) 2(1)  5(1) 
C(5) 28(1)  37(1) 28(1)  -1(1) 2(1)  4(1) 
C(6) 32(1)  36(1) 31(1)  -2(1) 4(1)  8(1) 
C(7) 30(1)  54(2) 48(1)  0(1) 8(1)  3(1) 
C(8) 41(1)  43(1) 44(1)  -7(1) 11(1)  -6(1) 
C(9) 34(1)  41(1) 63(2)  -11(1) 9(1)  -1(1) 
C(10) 24(1)  29(1) 26(1)  -2(1) 2(1)  3(1) 
C(11) 24(1)  26(1) 25(1)  -2(1) 1(1)  1(1) 
C(12) 26(1)  35(1) 29(1)  0(1) 2(1)  6(1) 
C(13) 31(1)  38(1) 27(1)  4(1) -2(1)  6(1) 
C(14) 34(1)  32(1) 22(1)  -1(1) 4(1)  -2(1) 
C(15) 24(1)  27(1) 26(1)  -4(1) 4(1)  0(1) 
C(16) 24(1)  21(1) 24(1)  -2(1) 2(1)  -2(1) 
C(17) 23(1)  23(1) 25(1)  -2(1) 1(1)  0(1) 
C(18) 23(1)  26(1) 25(1)  -1(1) 2(1)  1(1) 
C(19) 25(1)  39(1) 30(1)  0(1) 1(1)  5(1) 
C(20) 34(1)  44(1) 27(1)  5(1) -2(1)  8(1) 
C(21) 34(1)  45(1) 23(1)  2(1) 4(1)  2(1) 
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C(22) 27(1)  37(1) 27(1)  -2(1) 5(1)  3(1) 
C(23) 25(1)  28(1) 26(1)  -2(1) 1(1)  1(1) 
C(24) 24(1)  28(1) 21(1)  0(1) 1(1)  3(1) 
C(25) 23(1)  27(1) 20(1)  2(1) -1(1)  1(1) 
C(26) 22(1)  31(1) 27(1)  -1(1) -1(1)  1(1) 
C(27) 24(1)  31(1) 31(1)  3(1) -1(1)  -4(1) 
C(28) 31(1)  25(1) 31(1)  -3(1) -2(1)  -1(1) 
C(29) 24(1)  30(1) 27(1)  -1(1) 0(1)  4(1) 
C(30) 25(1)  26(1) 20(1)  0(1) 0(1)  2(1) 
C(31) 24(1)  27(1) 20(1)  0(1) 2(1)  4(1) 
C(32) 23(1)  28(1) 20(1)  2(1) 0(1)  1(1) 
C(33) 22(1)  32(1) 28(1)  2(1) 1(1)  2(1) 
C(34) 28(1)  33(1) 34(1)  3(1) -1(1)  -4(1) 
C(35) 34(1)  25(1) 40(1)  0(1) -3(1)  -2(1) 
C(36) 28(1)  28(1) 30(1)  -3(1) 0(1)  4(1) 
C(37) 24(1)  26(1) 19(1)  1(1) 1(1)  2(1) 
C(38) 22(1)  24(1) 28(1)  0(1) 3(1)  0(1) 
C(39) 29(1)  32(1) 28(1)  0(1) 3(1)  4(1) 
C(40) 40(1)  42(1) 33(1)  -4(1) 9(1)  9(1) 
C(41) 32(1)  39(1) 45(1)  3(1) 10(1)  9(1) 
C(42) 24(1)  34(1) 43(1)  8(1) 1(1)  5(1) 
C(43) 24(1)  28(1) 30(1)  4(1) 2(1)  -2(1) 
C(44) 40(1)  50(2) 28(1)  -2(1) 1(1)  10(1) 
C(45) 45(2)  66(2) 61(2)  3(1) 14(1)  26(1) 
C(46) 31(1)  43(1) 30(1)  5(1) -2(1)  1(1) 
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for sad. 
________________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________________ 
 
H(2) 5249(13) 6630(20) 3183(8) 40 
H(6) 4329(14) 2364(19) 2724(7) 40 
H(7A) 6399(15) 4870(30) 2865(9) 66 
H(7B) 5871(17) 4370(30) 2359(6) 66 
H(7C) 6072(18) 3130(20) 2836(9) 66 
H(8A) 4261(14) 8390(30) 3539(9) 63 
H(8B) 3425(17) 7640(30) 3852(7) 63 
H(8C) 3128(15) 8310(30) 3320(8) 63 
H(9A) 2201(17) 2290(30) 3272(7) 68 
H(9B) 2747(18) 1430(20) 2874(9) 68 
H(9C) 2041(16) 2720(30) 2703(8) 68 
H(12) 3097(12) 4400(20) 4108(7) 36 
H(13) 2731(13) 4310(20) 4941(7) 38 
H(14) 1301(14) 5360(20) 5186(6) 35 
H(15) 229(12) 6530(20) 4614(7) 31 
H(19) -646(12) 7950(20) 2869(7) 38 
H(20) -257(13) 8030(20) 2058(7) 42 
H(21) 1189(15) 6910(20) 1827(6) 41 
H(22) 2242(12) 5810(20) 2406(7) 36 
H(26) 975(12) 9470(20) 3766(7) 32 
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H(27) 1117(12) 12030(20) 4010(7) 34 
H(28) -167(14) 13320(18) 4324(7) 35 
H(29) -1647(12) 12040(20) 4385(7) 32 
H(33) -3587(12) 7350(20) 4182(7) 33 
H(34) -3726(12) 4780(20) 3967(7) 38 
H(35) -2446(15) 3474(18) 3639(7) 40 
H(36) -987(12) 4790(20) 3551(7) 35 
H(40) -3908(15) 11540(20) 5283(6) 46 
H(42) -5026(12) 11790(20) 3858(7) 41 
H(44A) -1714(14) 10520(30) 5186(9) 59 
H(44B) -2123(17) 8800(20) 5146(9) 59 
H(44C) -2560(17) 9940(30) 5525(7) 59 
H(45A) -5303(19) 12820(30) 5097(6) 85 
H(45B) -5972(15) 12290(30) 4618(9) 85 
H(45C) -5318(19) 13800(20) 4593(9) 85 
H(46A) -4108(12) 10680(20) 3207(8) 52 
H(46B) -3614(14) 9089(17) 3347(8) 52 
H(46C) -2983(11) 10560(20) 3299(8) 52 
 
























































































































































































































Table 1.  Crystal data and structure refinement for C46H36. 
Identification code  C46H36 
Empirical formula  C46 H36 
Formula weight  588.75 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C 2/c 
Unit cell dimensions a = 20.179(5) Å α= 90°. 
 b = 13.840(2) Å β= 105.340(10)°. 
 c = 11.2905(19) Å γ = 90°. 
Volume 3040.8(10) Å3 
Z 4 
Density (calculated) 1.286 Mg/m3 
Absorption coefficient 0.073 mm-1 
F(000) 1248 
Crystal size 0.24 x 0.05 x 0.03 mm3 
Theta range for data collection 2.39 to 27.00°. 
Index ranges -25<=h<=25, -17<=k<=0, -14<=l<=14 
Reflections collected 6501 
Independent reflections 3327 [R(int) = 0.0280] 
Completeness to theta = 27.00° 99.9 %  
Absorption correction Semi-empirical from equiv. 
Max. and min. transmission 0.9978 and 0.9828 
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Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3327 / 18 / 262 
Goodness-of-fit on F2 1.085 
Final R indices [I>2sigma(I)] R1 = 0.0528, wR2 = 0.1354 
R indices (all data) R1 = 0.0670, wR2 = 0.1447 
Extinction coefficient na 
Largest diff. peak and hole 0.372 and -0.180 e.Å-3 
 
 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for C46H36.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
C(1) 5324(1) 992(1) 2325(1) 19(1) 
C(2) 5586(1) 185(1) 1816(1) 20(1) 
C(3) 5176(1) -634(1) 1328(1) 23(1) 
C(4) 5423(1) -1382(1) 805(2) 26(1) 
C(5) 6114(1) -1383(1) 749(2) 25(1) 
C(6) 6517(1) -609(1) 1161(1) 22(1) 
C(7) 6266(1) 219(1) 1659(1) 19(1) 
C(8) 6668(1) 1056(1) 1955(1) 20(1) 
C(9) 6382(1) 1887(1) 2323(1) 20(1) 
C(10) 6756(1) 2769(1) 2570(1) 22(1) 
C(11) 6456(1) 3590(1) 2827(2) 25(1) 
C(12) 5758(1) 3593(1) 2798(2) 26(1) 
C(13) 5370(1) 2758(1) 2574(1) 22(1) 
C(14) 5694(1) 1865(1) 2430(1) 20(1) 
C(15) 7361(1) 1112(1) 1726(1) 20(1) 
C(16) 7407(1) 1209(1) 516(1) 21(1) 
C(17) 8049(1) 1274(1) 303(2) 25(1) 
C(18) 8647(1) 1261(1) 1243(2) 27(1) 
C(19) 8593(1) 1185(1) 2436(2) 26(1) 
C(20) 7961(1) 1107(1) 2693(2) 22(1) 
C(21) 6776(1) 1240(1) -549(2) 26(1) 
C(22) 9332(1) 1345(2) 962(2) 41(1) 
C(23) 7925(1) 1038(1) 4000(2) 29(1) 
________________________________________________________________________________ 
 
Table 3.   Bond lengths [Å] and angles [°] 
 for  C46H36. 
____________________________________ 
C(1)-C(14)  1.408(2) 
C(1)-C(2)  1.421(2) 
C(1)-C(1)#1  1.463(3) 
C(2)-C(3)  1.425(2) 
C(2)-C(7)  1.431(2) 
C(3)-C(4)  1.352(2) 
C(3)-H(3)  0.980(14) 
C(4)-C(5)  1.413(2) 
C(4)-H(4)  0.991(14) 
C(5)-C(6)  1.351(2) 
C(5)-H(5)  0.967(14) 
C(6)-C(7)  1.427(2) 
C(6)-H(6)  0.943(14) 
C(7)-C(8)  1.402(2) 
C(8)-C(9)  1.398(2) 
C(8)-C(15)  1.491(2) 
C(9)-C(10)  1.425(2) 
C(9)-C(14)  1.425(2) 
C(10)-C(11)  1.355(2) 
C(10)-H(10)  0.963(13) 
C(11)-C(12)  1.401(2) 
C(11)-H(11)  0.963(14) 
C(12)-C(13)  1.381(2) 
C(12)-H(12)  0.989(14) 
C(13)-C(14)  1.427(2) 
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C(13)-C(13)#1  1.456(3) 
C(15)-C(20)  1.399(2) 
C(15)-C(16)  1.400(2) 
C(16)-C(17)  1.382(2) 
C(16)-C(21)  1.501(2) 
C(17)-C(18)  1.380(2) 
C(17)-H(17)  0.984(14) 
C(18)-C(19)  1.385(2) 
C(18)-C(22)  1.502(2) 
C(19)-C(20)  1.385(2) 
C(19)-H(19)  0.971(14) 
C(20)-C(23)  1.500(2) 
C(21)-H(21A)  0.961(15) 
C(21)-H(21B)  0.983(14) 
C(21)-H(21C)  0.986(15) 
C(22)-H(22A)  0.977(16) 
C(22)-H(22B)  0.986(16) 
C(22)-H(22C)  0.968(16) 
C(23)-H(23A)  0.998(15) 
C(23)-H(23B)  0.979(15) 

















































































Symmetry transformations used to generate 
 equivalent atoms:  
#1 -x+1,y,-z+1/2       
Table 4.   Anisotropic displacement parameters  (Å2x 103) for C46H36.  The anisotropic 
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displacement factor exponent takes the form:  -2pi2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
C(1) 16(1)  24(1) 16(1)  2(1) 5(1)  1(1) 
C(2) 19(1)  21(1) 20(1)  4(1) 6(1)  0(1) 
C(3) 21(1)  25(1) 23(1)  1(1) 8(1)  -3(1) 
C(4) 28(1)  24(1) 26(1)  -2(1) 8(1)  -4(1) 
C(5) 28(1)  20(1) 29(1)  -2(1) 11(1)  1(1) 
C(6) 19(1)  24(1) 26(1)  1(1) 8(1)  0(1) 
C(7) 19(1)  21(1) 18(1)  2(1) 6(1)  1(1) 
C(8) 18(1)  24(1) 17(1)  1(1) 6(1)  -1(1) 
C(9) 20(1)  23(1) 17(1)  0(1) 6(1)  -1(1) 
C(10) 22(1)  24(1) 21(1)  0(1) 9(1)  -2(1) 
C(11) 28(1)  22(1) 26(1)  -2(1) 11(1)  -6(1) 
C(12) 29(1)  22(1) 28(1)  -2(1) 11(1)  -1(1) 
C(13) 26(1)  23(1) 20(1)  1(1) 10(1)  0(1) 
C(14) 21(1)  22(1) 17(1)  1(1) 7(1)  0(1) 
C(15) 20(1)  16(1) 24(1)  -2(1) 9(1)  -1(1) 
C(16) 23(1)  19(1) 24(1)  -3(1) 10(1)  -2(1) 
C(17) 27(1)  24(1) 30(1)  0(1) 14(1)  -1(1) 
C(18) 22(1)  22(1) 40(1)  3(1) 14(1)  -1(1) 
C(19) 21(1)  23(1) 34(1)  2(1) 5(1)  -2(1) 
C(20) 22(1)  18(1) 27(1)  1(1) 7(1)  -1(1) 
C(21) 26(1)  31(1) 22(1)  -1(1) 8(1)  -3(1) 
C(22) 26(1)  46(1) 57(1)  13(1) 21(1)  0(1) 
C(23) 28(1)  35(1) 24(1)  4(1) 4(1)  -3(1) 
______________________________________________________________________________  
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for C46H36. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(3) 4688(7) -629(13) 1315(16) 27 
H(4) 5112(8) -1918(12) 430(16) 31 
H(5) 6293(9) -1954(12) 447(16) 30 
H(6) 6977(7) -592(13) 1117(16) 27 
H(10) 7233(7) 2774(13) 2568(16) 26 
H(11) 6724(9) 4172(12) 3023(16) 30 
H(12) 5541(9) 4199(12) 2972(17) 31 
H(17) 8074(9) 1365(13) -549(14) 31 
H(19) 8992(8) 1159(13) 3141(15) 32 
H(21A) 6882(10) 1527(14) -1253(16) 39 
H(21B) 6402(9) 1615(14) -367(18) 39 
H(21C) 6591(10) 589(12) -792(18) 39 
H(22A) 9607(11) 762(14) 1210(20) 62 
H(22B) 9602(11) 1857(15) 1480(20) 62 
H(22C) 9280(12) 1501(18) 106(16) 62 
H(23A) 8389(8) 869(15) 4536(17) 44 
H(23B) 7563(9) 596(14) 4092(19) 44 
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H(23C) 7736(10) 1644(12) 4286(19) 44 
 























































































Appendix B.2: Crystal Structure Data for 3,4-Dioxo-7,14-bis(2,4,6-trimethylphenyl)bisanthene 

















































Table 1.  Crystal data and structure refinement for C46H32O2. 
Identification code  C46H32O2 
Empirical formula  C46 H32 O2 
Formula weight  616.72 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Trigonal 
Space group  R3c 
Unit cell dimensions a = 36.714(4) Å α= 90°. 
 b = 36.714(4) Å β= 90°. 
 c = 15.1151(15) Å γ = 120°. 
Volume 17645(3) Å3 
Z 18 
Density (calculated) 1.045 Mg/m3 
Absorption coefficient 0.063 mm-1 
F(000) 5832 
Crystal size 0.14 x 0.08 x 0.06 mm3 
Theta range for data collection 1.92 to 24.99°. 
Index ranges -37<=h<=0, 0<=k<=43, -17<=l<=17 
Reflections collected 6887 
Independent reflections 6887 [R(int) = 0.0631] 
Completeness to theta = 24.99° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9963 and 0.9913 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6887 / 492 / 433 
Goodness-of-fit on F2 1.069 
Final R indices [I>2sigma(I)] R1 = 0.0628, wR2 = 0.1718 
R indices (all data) R1 = 0.0874, wR2 = 0.1886 
Absolute structure parameter 2(2) 
Largest diff. peak and hole 0.358 and -0.203 e.Å-3 
 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for C46H32O2.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
O(1) 7049(1) 7420(1) -1140(2) 89(1) 
O(2) 7311(1) 7499(1) 547(2) 72(1) 
C(1) 6736(1) 7414(1) -854(3) 59(1) 
C(2) 6345(1) 7138(1) -1279(3) 63(1) 
C(3) 6025(1) 7221(1) -1255(3) 54(1) 
C(4) 6058(1) 7578(1) -824(2) 49(1) 
C(5) 5728(1) 7664(1) -836(2) 44(1) 
C(6) 5768(1) 8020(1) -399(2) 45(1) 
C(7) 5429(1) 8110(1) -372(3) 54(1) 
C(8) 5475(1) 8462(1) 27(3) 65(1) 
C(9) 5856(2) 8740(2) 440(4) 93(2) 
C(10) 6198(1) 8661(1) 497(2) 49(1) 
C(11) 6143(1) 8294(1) 59(2) 44(1) 
C(12) 6479(1) 8206(1) 83(2) 41(1) 
C(13) 6434(1) 7846(1) -360(2) 41(1) 
 B20 
 
C(14) 6764(1) 7746(1) -351(3) 49(1) 
C(15) 7139(1) 8012(1) 184(2) 47(1) 
C(16) 7183(1) 8377(1) 571(2) 43(1) 
C(17) 6855(1) 8475(1) 537(2) 40(1) 
C(18) 6902(1) 8847(1) 966(2) 44(1) 
C(19) 6569(1) 8923(1) 937(2) 44(1) 
C(20) 6633(2) 9295(1) 1449(3) 66(1) 
C(21) 7016(1) 9568(1) 1824(3) 63(1) 
C(22) 7334(1) 9484(1) 1835(3) 56(1) 
C(23) 7293(1) 9120(1) 1420(2) 43(1) 
C(24) 7625(1) 9026(1) 1427(2) 43(1) 
C(25) 7574(1) 8664(1) 1007(2) 45(1) 
C(26) 7898(1) 8566(1) 1007(2) 48(1) 
C(27) 7844(1) 8208(1) 669(3) 57(1) 
C(28) 7444(1) 7893(1) 388(3) 69(1) 
C(29) 5319(1) 7373(1) -1285(2) 47(1) 
C(30) 4985(1) 7043(1) -843(2) 51(1) 
C(31) 4609(1) 6809(1) -1270(3) 58(1) 
C(32) 4547(1) 6878(1) -2139(3) 60(1) 
C(33) 4887(2) 7200(1) -2571(3) 66(1) 
C(34) 5262(1) 7445(1) -2180(2) 51(1) 
C(35) 5031(2) 6953(2) 101(3) 74(1) 
C(36) 4118(2) 6618(2) -2567(4) 101(2) 
C(37) 5633(2) 7795(2) -2681(3) 77(1) 
C(38) 8027(1) 9304(1) 1915(2) 45(1) 
C(39) 8355(1) 9633(1) 1450(3) 55(1) 
C(40) 8737(1) 9876(1) 1886(3) 58(1) 
C(41) 8806(2) 9795(1) 2727(3) 65(1) 
C(42) 8472(1) 9477(1) 3181(3) 60(1) 
C(43) 8066(1) 9222(1) 2788(3) 57(1) 
C(44) 8310(2) 9732(2) 510(3) 90(2) 
C(45) 9219(2) 10059(2) 3168(4) 97(2) 
C(46) 7731(2) 8882(2) 3311(3) 78(1) 
___________________________________________________________________________ 
 
Table 3.   Bond lengths [Å] and angles [°]  
for C46H32O2. 
___________________________________ 
O(2)-C(28)  1.298(5) 
C(1)-C(14)  1.394(5) 
C(1)-C(2)  1.430(6) 
C(2)-C(3)  1.350(5) 
C(2)-H(2A)  0.9500 
C(3)-C(4)  1.413(5) 
C(3)-H(3A)  0.9500 
C(4)-C(5)  1.397(5) 
C(4)-C(13)  1.418(5) 
C(5)-C(6)  1.406(5) 
C(5)-C(29)  1.500(5) 
C(6)-C(11)  1.415(5) 
C(6)-C(7)  1.441(5) 
C(7)-C(8)  1.356(5) 
C(7)-H(7A)  0.9500 
C(8)-C(9)  1.399(6) 
C(8)-H(8A)  0.9500 
C(9)-C(10)  1.424(6) 
C(9)-H(9A)  0.9500 
C(10)-C(19)  1.383(5) 
C(10)-C(11)  1.423(5) 
C(11)-C(12)  1.423(5) 
C(12)-C(17)  1.409(3) 
C(12)-C(13)  1.413(5) 
C(13)-C(14)  1.432(5) 
C(14)-C(15)  1.469(5) 
C(15)-C(16)  1.394(5) 
C(15)-C(28)  1.425(5) 
C(16)-C(17)  1.421(5) 
C(16)-C(25)  1.447(5) 
C(17)-C(18)  1.443(5) 
 B21 
 
C(18)-C(19)  1.385(5) 
C(18)-C(23)  1.449(5) 
C(19)-C(20)  1.484(5) 
C(20)-C(21)  1.375(6) 
C(20)-H(20A)  0.9500 
C(21)-C(22)  1.349(5) 
C(21)-H(21A)  0.9500 
C(22)-C(23)  1.412(5) 
C(22)-H(22A)  0.9500 
C(23)-C(24)  1.424(5) 
C(24)-C(25)  1.399(5) 
C(24)-C(38)  1.502(5) 
C(25)-C(26)  1.405(5) 
C(26)-C(27)  1.331(5) 
C(26)-H(26A)  0.9500 
C(27)-C(28)  1.406(6) 
C(27)-H(27A)  0.9500 
C(29)-C(30)  1.390(6) 
C(29)-C(34)  1.415(5) 
C(30)-C(31)  1.370(6) 
C(30)-C(35)  1.494(6) 
C(31)-C(32)  1.378(6) 
C(31)-H(31A)  0.9500 
C(32)-C(33)  1.380(6) 
C(32)-C(36)  1.521(6) 
C(33)-C(34)  1.346(5) 
C(33)-H(33A)  0.9500 
C(34)-C(37)  1.528(6) 
C(35)-H(35A)  0.9800 
C(35)-H(35B)  0.9800 
C(35)-H(35C)  0.9800 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9800 
C(36)-H(36C)  0.9800 
C(37)-H(37A)  0.9800 
C(37)-H(37B)  0.9800 
C(37)-H(37C)  0.9800 
C(38)-C(43)  1.375(5) 
C(38)-C(39)  1.398(5) 
C(39)-C(40)  1.394(6) 
C(39)-C(44)  1.495(6) 
C(40)-C(41)  1.358(6) 
C(40)-H(40A)  0.9500 
C(41)-C(42)  1.381(6) 
C(41)-C(45)  1.488(6) 
C(42)-C(43)  1.434(6) 
C(42)-H(42A)  0.9500 
C(43)-C(46)  1.470(6) 
C(44)-H(44A)  0.9800 
C(44)-H(44B)  0.9800 
C(44)-H(44C)  0.9800 
C(45)-H(45A)  0.9800 
C(45)-H(45B)  0.9800 
C(45)-H(45C)  0.9800 
C(46)-H(46A)  0.9800 
C(46)-H(46B)  0.9800 



































































































































































Symmetry transformations used to  
generate equivalent atoms:  
  
 
Table 4.   Anisotropic displacement parameters (Å2x 103)for C46H32O2.  The anisotropic 
displacement factor exponent takes the form: -2pi2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
O(1) 95(2)  126(2) 94(2)  -44(2) -23(2)  91(2) 
O(2) 89(2)  77(2) 78(2)  -9(1) -13(1)  63(2) 
C(1) 54(2)  76(3) 67(3)  -25(2) -8(2)  49(2) 
C(2) 62(2)  55(2) 80(3)  -29(2) -13(2)  35(2) 
C(3) 58(2)  56(2) 52(2)  -13(2) -10(2)  32(2) 
C(4) 54(2)  47(2) 58(2)  -5(2) -4(2)  35(2) 
C(5) 52(2)  47(2) 43(2)  0(2) -2(2)  32(2) 
C(6) 55(2)  60(2) 36(2)  6(2) -2(2)  41(2) 
C(7) 53(2)  61(3) 65(3)  -5(2) -3(2)  40(2) 
C(8) 58(3)  63(3) 97(3)  -11(2) -18(2)  47(2) 
C(9) 81(3)  80(3) 149(5)  -46(3) -41(3)  63(3) 
C(10) 64(2)  41(2) 55(2)  1(2) -5(2)  36(2) 
C(11) 50(2)  52(2) 43(2)  4(2) 6(2)  35(2) 
C(12) 46(2)  45(2) 41(2)  -2(2) -3(2)  30(2) 
C(13) 44(2)  42(2) 48(2)  2(2) 1(2)  30(2) 
C(14) 52(2)  56(2) 52(2)  -5(2) -2(2)  36(2) 
C(15) 50(2)  53(2) 50(2)  -2(2) -1(2)  35(2) 
C(16) 54(2)  38(2) 48(2)  3(2) -2(2)  32(2) 
C(17) 50(2)  39(2) 42(2)  9(2) 9(2)  32(2) 
C(18) 61(2)  49(2) 34(2)  -2(2) 3(2)  37(2) 
C(19) 52(2)  45(2) 45(2)  6(2) 6(2)  33(2) 
C(20) 76(3)  61(3) 85(3)  -21(2) -9(2)  53(2) 
C(21) 76(3)  69(3) 65(3)  -19(2) 1(2)  51(2) 
C(22) 65(2)  46(2) 68(3)  -16(2) -9(2)  36(2) 
C(23) 52(2)  44(2) 37(2)  4(2) 4(2)  27(2) 
C(24) 53(2)  41(2) 41(2)  3(2) 4(2)  28(2) 
C(25) 46(2)  34(2) 57(2)  5(2) 4(2)  22(2) 
C(26) 54(2)  49(2) 53(2)  1(2) -4(2)  34(2) 
C(27) 56(2)  64(3) 70(3)  -3(2) -1(2)  44(2) 
C(28) 79(3)  52(2) 108(3)  -30(2) -39(2)  56(2) 
C(29) 56(2)  47(2) 51(2)  2(2) -2(2)  36(2) 
C(30) 53(2)  55(2) 50(2)  -1(2) -1(2)  29(2) 
C(31) 64(3)  40(2) 67(3)  4(2) 6(2)  24(2) 
C(32) 59(3)  55(3) 71(3)  -4(2) -19(2)  31(2) 
C(33) 86(3)  63(3) 46(2)  3(2) -15(2)  36(2) 
C(34) 60(2)  58(2) 46(2)  -3(2) 0(2)  39(2) 
C(35) 76(3)  80(3) 59(3)  3(2) 6(2)  34(3) 
C(36) 93(4)  81(4) 113(4)  -22(3) -48(3)  31(3) 
C(37) 80(3)  92(3) 42(2)  15(2) -4(2)  29(2) 
C(38) 50(2)  50(2) 41(2)  -8(2) -2(2)  30(2) 
C(39) 67(3)  51(2) 55(2)  0(2) 2(2)  35(2) 
C(40) 59(3)  55(2) 55(2)  -4(2) -3(2)  24(2) 
C(41) 71(3)  50(2) 63(3)  -17(2) -5(2)  22(2) 
C(42) 69(3)  64(3) 55(2)  -12(2) -13(2)  40(2) 
 B24 
 
C(43) 70(3)  52(2) 53(2)  1(2) -7(2)  33(2) 
C(44) 80(3)  85(4) 69(3)  35(3) -7(3)  14(3) 
C(45) 79(3)  74(3) 97(4)  1(3) -21(3)  9(3) 
C(46) 82(3)  82(3) 73(3)  14(3) 8(3)  44(3) 
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for C46H32O2. 
________________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________________ 
 
H(2A) 6309 6896 -1580 76 
H(3A) 5768 7031 -1539 64 
H(7A) 5167 7920 -640 65 
H(8A) 5250 8519 27 78 
H(9A) 5888 8991 691 112 
H(20A) 6405 9347 1519 79 
H(21A) 7057 9822 2082 76 
H(22A) 7590 9672 2126 67 
H(26A) 8163 8761 1256 58 
H(27A) 8077 8164 618 68 
H(31A) 4381 6589 -954 70 
H(33A) 4855 7252 -3174 79 
H(35A) 4767 6713 309 111 
H(35B) 5100 7200 463 111 
H(35C) 5257 6885 151 111 
H(36A) 4130 6708 -3182 152 
H(36B) 3910 6658 -2242 152 
H(36C) 4037 6320 -2554 152 
H(37A) 5548 7810 -3287 116 
H(37B) 5866 7735 -2694 116 
H(37C) 5726 8064 -2382 116 
H(40A) 8958 10107 1581 70 
H(42A) 8513 9424 3778 72 
H(44A) 8574 9975 312 134 
H(44B) 8082 9796 466 134 
H(44C) 8246 9489 136 134 
H(45A) 9417 10266 2748 145 
H(45B) 9329 9879 3373 145 
H(45C) 9183 10204 3676 145 
H(46A) 7474 8738 2955 117 
H(46B) 7676 9000 3842 117 
H(46C) 7819 8681 3485 117 
 






































































































































































Appendix B.3: Crystal Structure Data for Molecules in Chapter 8 
















































Table 1.  Crystal data and structure refinement for C46H34. 
Identification code  sad 
Empirical formula  C46 H34 
Formula weight  586.73 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 1 21/n 1 
Unit cell dimensions a = 8.5157(12) Å α= 90°. 
 b = 23.483(3) Å β= 117.683(2)°. 
 c = 8.5474(12) Å γ = 90°. 
Volume 1513.6(4) Å3 
Z 2 
Density (calculated) 1.287 Mg/m3 
Absorption coefficient 0.073 mm-1 
F(000) 620 
Crystal size 0.15 x 0.08 x 0.05 mm3 
Theta range for data collection 1.73 to 26.00°. 
Index ranges -10<=h<=10, -28<=k<=28, -10<=l<=10 
Reflections collected 15800 
Independent reflections 2979 [R(int) = 0.0319] 
Completeness to theta = 26.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9964 and 0.9892 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2979 / 0 / 208 
Goodness-of-fit on F2 1.029 
Final R indices [I>2sigma(I)] R1 = 0.0538, wR2 = 0.1423 
R indices (all data) R1 = 0.0721, wR2 = 0.1569 
Extinction coefficient na 
Largest diff. peak and hole 0.317 and -0.258 e.Å-3 
 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for C46H34.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
C(1) 4431(3) -1083(1) 12610(2) 29(1) 
C(2) 2939(2) -845(1) 11180(2) 29(1) 
C(3) 1196(3) -1032(1) 10731(3) 34(1) 
C(4) -226(3) -804(1) 9341(3) 36(1) 
C(5) -18(3) -371(1) 8331(3) 34(1) 
C(6) 1635(2) -165(1) 8696(2) 28(1) 
C(7) 3165(2) -408(1) 10131(2) 27(1) 
C(8) 4882(2) -223(1) 10523(2) 25(1) 
C(9) 6384(2) -473(1) 11932(2) 26(1) 
C(10) 8128(2) -297(1) 12326(2) 28(1) 
C(11) 9556(3) -569(1) 13677(3) 33(1) 
C(12) 9326(3) -997(1) 14679(3) 34(1) 
C(13) 7667(3) -1160(1) 14358(2) 31(1) 
C(14) 6151(2) -908(1) 12976(2) 28(1) 
C(15) 4199(2) -1523(1) 13744(2) 30(1) 
 B30 
 
C(16) 4291(3) -1366(1) 15361(3) 33(1) 
C(17) 4103(3) -1780(1) 16417(3) 40(1) 
C(18) 3824(3) -2348(1) 15917(3) 42(1) 
C(19) 3720(3) -2495(1) 14306(3) 41(1) 
C(20) 3904(3) -2093(1) 13210(3) 34(1) 
C(21) 4610(3) -755(1) 15980(3) 41(1) 
C(22) 3678(4) -2794(1) 17102(4) 59(1) 
C(23) 3778(3) -2279(1) 11470(3) 48(1) 
______________________________________________________________________________ 
 
Table 3.   Bond lengths [Å] and angles [°] 
 for C46H34. 
___________________________________ 
C(1)-C(2)  1.406(3) 
C(1)-C(14)  1.409(3) 
C(1)-C(15)  1.492(3) 
C(2)-C(3)  1.419(3) 
C(2)-C(7)  1.434(3) 
C(3)-C(4)  1.352(3) 
C(4)-C(5)  1.396(3) 
C(5)-C(6)  1.381(3) 
C(6)-C(7)  1.430(3) 
C(6)-C(10)#1  1.463(3) 
C(7)-C(8)  1.408(3) 
C(8)-C(9)  1.414(3) 
C(8)-C(8)#1  1.451(3) 
C(9)-C(10)  1.423(3) 
C(9)-C(14)  1.430(3) 
C(10)-C(11)  1.384(3) 
C(10)-C(6)#1  1.463(3) 
C(11)-C(12)  1.392(3) 
C(12)-C(13)  1.364(3) 
C(13)-C(14)  1.413(3) 
C(15)-C(16)  1.397(3) 
C(15)-C(20)  1.398(3) 
C(16)-C(17)  1.385(3) 
C(16)-C(21)  1.510(3) 
C(17)-C(18)  1.386(3) 
C(18)-C(19)  1.382(3) 
C(18)-C(22)  1.502(3) 
C(19)-C(20)  1.388(3) 















































Symmetry transformations used to generate  
equivalent atoms:  
#1 -x+1,-y,-z+2      
Table 4.   Anisotropic displacement parameters (Å2x 103)for C46H34.  The anisotropic 




 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 35(1)  24(1) 28(1)  -3(1) 15(1)  -2(1) 
C(2) 32(1)  27(1) 29(1)  -4(1) 16(1)  -4(1) 
C(3) 36(1)  31(1) 37(1)  1(1) 20(1)  -5(1) 
C(4) 28(1)  39(1) 42(1)  -1(1) 16(1)  -6(1) 
C(5) 28(1)  36(1) 34(1)  1(1) 12(1)  0(1) 
C(6) 28(1)  28(1) 28(1)  -4(1) 12(1)  -1(1) 
C(7) 30(1)  24(1) 27(1)  -4(1) 14(1)  -2(1) 
C(8) 29(1)  22(1) 24(1)  -4(1) 13(1)  0(1) 
C(9) 29(1)  24(1) 24(1)  -5(1) 13(1)  0(1) 
C(10) 29(1)  28(1) 25(1)  -4(1) 12(1)  0(1) 
C(11) 27(1)  38(1) 33(1)  0(1) 11(1)  1(1) 
C(12) 32(1)  34(1) 30(1)  2(1) 9(1)  6(1) 
C(13) 36(1)  28(1) 28(1)  2(1) 14(1)  3(1) 
C(14) 32(1)  24(1) 27(1)  -3(1) 13(1)  0(1) 
C(15) 27(1)  28(1) 34(1)  3(1) 14(1)  1(1) 
C(16) 33(1)  34(1) 33(1)  1(1) 16(1)  2(1) 
C(17) 41(1)  47(1) 36(1)  7(1) 22(1)  6(1) 
C(18) 41(1)  41(1) 50(1)  15(1) 26(1)  4(1) 
C(19) 42(1)  26(1) 56(1)  4(1) 25(1)  -1(1) 
C(20) 35(1)  30(1) 40(1)  -2(1) 18(1)  -2(1) 
C(21) 46(1)  39(1) 38(1)  -6(1) 19(1)  1(1) 
C(22) 65(2)  54(2) 72(2)  25(1) 44(2)  6(1) 
C(23) 62(2)  37(1) 50(1)  -11(1) 30(1)  -7(1) 
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for C46H34. 
________________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________________ 
 
H(3A) 1027 -1320 11416 40 
H(4A) -1381 -940 9048 44 
H(5A) -1040 -215 7369 41 
H(11A) 10724 -461 13928 40 
H(12A) 10334 -1177 15593 41 
H(13A) 7528 -1446 15071 37 
H(17A) 4167 -1672 17516 48 
H(19A) 3517 -2881 13937 49 
H(21A) 4626 -727 17131 61 
H(21B) 3660 -515 15122 61 
H(21C) 5753 -628 16090 61 
H(22A) 3505 -3168 16537 88 
H(22B) 2667 -2707 17313 88 
H(22C) 4769 -2798 18231 88 
H(23A) 3567 -2690 11326 72 
H(23B) 4889 -2188 11444 72 
H(23C) 2795 -2078 10505 72 







































































Symmetry transformations used to generate equivalent atoms:  




























































































Table 1.  Crystal data and structure refinement for sad. 
Identification code  C50H34 
Empirical formula  C50 H34 
Formula weight  634.77 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/c  
Unit cell dimensions a = 8.3829(15) Å α= 90°. 
 b = 7.4614(14) Å β= 98.797(2)°. 
 c = 25.793(5) Å γ = 90°. 
Volume 1594.4(5) Å3 
Z 2 
Density (calculated) 1.322 Mg/m3 
Absorption coefficient 0.075 mm-1 
F(000) 668 
Crystal size 0.18 x 0.12 x 0.03 mm3 
Theta range for data collection 1.60 to 26.00°. 
Index ranges -10<=h<=10, -9<=k<=9, -31<=l<=31 
Reflections collected 15638 
Independent reflections 3134 [R(int) = 0.0326] 
Completeness to theta = 26.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9978 and 0.9867 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3134 / 238 / 226 
Goodness-of-fit on F2 1.038 
Final R indices [I>2sigma(I)] R1 = 0.0556, wR2 = 0.1546 
R indices (all data) R1 = 0.0739, wR2 = 0.1688 
Extinction coefficient na 
Largest diff. peak and hole 0.381 and -0.309 e.Å-3 
 
Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for sad.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
C(1) 2865(2) 9671(3) 6084(1) 27(1) 
C(2) 2766(2) 8278(3) 5715(1) 26(1) 
C(3) 1845(2) 6694(3) 5761(1) 31(1) 
C(4) 1751(2) 5364(3) 5401(1) 31(1) 
C(5) 2566(2) 5480(3) 4954(1) 27(1) 
C(6) 3503(2) 7016(2) 4899(1) 25(1) 
C(7) 3616(2) 8410(3) 5278(1) 24(1) 
C(8) 4566(2) 9932(2) 5221(1) 24(1) 
C(9) 4684(2) 11308(2) 5595(1) 24(1) 
C(10) 5660(2) 12841(2) 5540(1) 25(1) 
C(11) 5806(2) 14221(3) 5919(1) 29(1) 
C(12) 4940(2) 14036(3) 6351(1) 32(1) 
C(13) 3994(2) 12613(3) 6400(1) 31(1) 
C(14) 3829(2) 11178(3) 6031(1) 27(1) 
C(15) 2450(2) 4130(3) 4572(1) 33(1) 
 B36 
 
C(16) 6774(2) 15723(3) 5856(1) 34(1) 
C(17) 1930(2) 9566(3) 6532(1) 29(1) 
C(18) 2709(2) 9107(3) 7036(1) 32(1) 
C(19) 1823(3) 9063(3) 7449(1) 39(1) 
C(20) 190(3) 9443(3) 7381(1) 43(1) 
C(21) -567(3) 9868(3) 6879(1) 40(1) 
C(22) 279(2) 9960(3) 6457(1) 34(1) 
C(23) 4485(3) 8685(3) 7131(1) 40(1) 
C(24) -740(4) 9391(4) 7835(1) 66(1) 
C(25) -583(3) 10553(3) 5926(1) 44(1) 
____________________________________________________________________________ 
 
Table 3.   Bond lengths [Å] and angles [°]  
for sad. 
____________________________________ 
C(1)-C(2)  1.404(3) 
C(1)-C(14)  1.404(3) 
C(1)-C(17)  1.495(2) 
C(2)-C(7)  1.425(2) 
C(2)-C(3)  1.426(3) 
C(3)-C(4)  1.354(3) 
C(4)-C(5)  1.429(3) 
C(5)-C(15)  1.403(3) 
C(5)-C(6)  1.409(3) 
C(6)-C(7)  1.422(3) 
C(6)-C(10)#1  1.423(3) 
C(7)-C(8)  1.408(3) 
C(8)-C(9)  1.403(3) 
C(8)-C(8)#1  1.445(3) 
C(9)-C(14)  1.426(2) 
C(9)-C(10)  1.426(3) 
C(10)-C(11)  1.413(3) 
C(10)-C(6)#1  1.423(3) 
C(11)-C(16)  1.408(3) 
C(11)-C(12)  1.425(3) 
C(12)-C(13)  1.342(3) 
C(13)-C(14)  1.425(3) 
C(15)-C(16)#1  1.368(3) 
C(16)-C(15)#1  1.368(3) 
C(17)-C(22)  1.399(3) 
C(17)-C(18)  1.404(3) 
C(18)-C(19)  1.390(3) 
C(18)-C(23)  1.505(3) 
C(19)-C(20)  1.383(3) 
C(20)-C(21)  1.390(3) 
C(20)-C(24)  1.504(3) 
C(21)-C(22)  1.387(3) 























































Symmetry transformations used to generate 
 equivalent atoms:  
#1 -x+1,-y+2,-z+1      
 
Table 4.   Anisotropic displacement parameters (Å2x 103)for sad.  The anisotropic 
displacement factor exponent takes the form: -2pi2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 25(1)  33(1) 22(1)  3(1) 5(1)  3(1) 
C(2) 23(1)  31(1) 25(1)  3(1) 4(1)  1(1) 
C(3) 28(1)  37(1) 29(1)  6(1) 8(1)  -2(1) 
C(4) 28(1)  31(1) 34(1)  4(1) 4(1)  -6(1) 
C(5) 25(1)  28(1) 29(1)  1(1) 0(1)  0(1) 
C(6) 22(1)  27(1) 25(1)  1(1) 1(1)  2(1) 
C(7) 22(1)  28(1) 22(1)  2(1) 3(1)  2(1) 
C(8) 22(1)  27(1) 22(1)  2(1) 3(1)  1(1) 
C(9) 24(1)  26(1) 22(1)  1(1) 3(1)  3(1) 
C(10) 24(1)  26(1) 25(1)  0(1) 3(1)  2(1) 
C(11) 29(1)  29(1) 28(1)  -2(1) 2(1)  2(1) 
C(12) 36(1)  33(1) 27(1)  -7(1) 4(1)  3(1) 
C(13) 34(1)  36(1) 24(1)  -2(1) 9(1)  4(1) 
C(14) 25(1)  32(1) 23(1)  0(1) 4(1)  4(1) 
C(15) 30(1)  28(1) 40(1)  -1(1) 3(1)  -6(1) 
C(16) 36(1)  28(1) 36(1)  -8(1) 2(1)  -1(1) 
C(17) 32(1)  29(1) 28(1)  1(1) 10(1)  -2(1) 
C(18) 38(1)  30(1) 29(1)  -1(1) 9(1)  -1(1) 
C(19) 53(1)  37(1) 28(1)  6(1) 14(1)  2(1) 
C(20) 56(1)  34(1) 46(1)  4(1) 33(1)  2(1) 
C(21) 36(1)  37(1) 51(1)  4(1) 20(1)  3(1) 
C(22) 33(1)  33(1) 37(1)  0(1) 11(1)  0(1) 
C(23) 42(1)  47(1) 29(1)  2(1) 5(1)  7(1) 
C(24) 81(2)  62(2) 68(2)  19(1) 55(2)  16(2) 
C(25) 32(1)  53(1) 48(1)  7(1) 3(1)  5(1) 
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for sad. 
________________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________________ 
 
H(3A) 1284 6569 6053 37 
H(4A) 1129 4327 5446 37 
H(12A) 5035 14946 6611 38 
H(13A) 3417 12562 6689 37 
H(15A) 1820 3094 4610 39 
H(16A) 6890 16644 6113 41 
H(19A) 2357 8762 7790 46 
H(21A) -1695 10102 6822 48 
H(23A) 4819 8392 7502 60 
 B38 
 
H(23B) 5094 9729 7038 60 
H(23C) 4699 7661 6914 60 
H(24A) -14 9054 8155 99 
H(24B) -1612 8509 7764 99 
H(24C) -1199 10577 7882 99 
H(25A) 176 10546 5672 67 
H(25B) -1007 11768 5954 67 
H(25C) -1477 9730 5809 67 
 















































































Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+2,-z+1     
